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Abstract

In modern manufacturing systems, the integration of Digital Thread (DTh) and Digital Twin
(DTw) technologies has emerged as a cornerstone for achieving seamless orchestration across the
entire product lifecycle. These technologies have the potential to revolutionize manufacturing by
enabling enhanced connectivity, real-time monitoring, and advanced decision making. This work
proposes a digital ecosystem framework grounded in standards-based DTh and DTw technologies,
with STEP-NC at its core. Building on the ISO 23247 framework, the ecosystem integrates key
open standards like STEP, STEP-NC, MTConnect, OPC-UA, MQTT and QIF, enabling interoper-
ability and contextual data exchange across the manufacturing lifecycle. STEP-NC enriches this
ecosystem by providing detailed contextual data about products, processes, and machines, foster-
ing the development of DTw for virtual monitoring, optimization, and informed decision-making.
To validate the proposed digital ecosystem, several implementation scenarios were developed.
A robotic machining scenario demonstrated the adaptability of STEP-NC for programming and
simulating machining operations on an ASEA robotic arm, showcasing its potential while identi-
fying areas for refinement. For additive manufacturing (AM), STEP-NC was adapted for Fused
Deposition Modeling (FDM), enabling toolpath simulation with a 3D virtual model of a RepRap
3D printer, while MTConnect provided real-time monitoring of extrusion parameters and build
progress. The simulation of robotic Laser Metal Deposition (LMD) toolpaths using a Kuka KR70
robot underscored STEP-NC capability to support complex metal AM processes, emphasizing the
importance of integrating AM-specific kinematic models for realistic toolpath verification. Addi-
tionally, new EXPRESS-based STEP-NC models were proposed for FDM and LMD, addressing
process-specific parameters and advancing standardization efforts. Finally, a TypeScript-based
STEP-NC library was developed to facilitate model serialization and web-based integration, al-
though future automation of TypeScript class generation from EXPRESS models remains essen-
tial. In conclusion, this thesis contributes significantly to advancing STEP-NC within a compre-
hensive digital ecosystem, while the developed implementation scenarios underline its potential
and identifies areas for further refinement and adoption.
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Resumo

Nos sistemas modernos de manufatura, a integração das tecnologias de Digital Thread (DTh)
e Digital Twin (DTw) tornou-se um pilar essencial para alcançar uma orquestração fluida de da-
dos ao longo do ciclo de vida do produto. Essas tecnologias têm o potencial de revolucionar a
manufatura, permitindo conectividade aprimorada, monitoramento em tempo real e tomada de
decisões avançada. Este trabalho propõe uma estrutura de ecossistema digital baseada em tec-
nologias de DTh e DTw fundamentadas em padrões, tendo o STEP-NC como padrão central.
Com base na interface estrutural da ISO 23247, o ecossistema integra padrões abertos fundamen-
tais como STEP, STEP-NC, MTConnect, OPC-UA, MQTT e QIF, permitindo interoperabilidade
e troca de dados contextualizaos ao longo do ciclo de vida daos procesos de manufatura. O
STEP-NC enriquece o ecossistema com dados contextuais detalhados sobre produtos, processos
e máquinas, promovendo o desenvolvimento de DTw para monitoramento virtual, otimização e
tomadas de decisão informadas. Para validar o ecossistema digital proposto, diversos cenários de
implementação foram desenvolvidos. Um cenário de usinagem robótizada demonstrou a adapt-
abilidade do STEP-NC para programar e simular operações de usinagem com um robô industrial
ASEA, evidenciando seu potencial enquanto foram identificadas áreas para refinamento. Para a
manufatura aditiva, o STEP-NC foi adaptado para o processo de FDM, permitindo a simulação
de trajetórias de deposição com um modelo virtual 3D de uma impressora 3D RepRap. Com-
plementarmente, o MTConnect foi utilizado para estabelecer um sistema de monitoramento em
tempo real, fornecendo informações detalhadas sobre os parâmetros de extrusão e o progresso da
construção. A simulação de trajetórias de ferramenta para Deposição de Metal a Laser (LMD)
utilizando um robô Kuka KR70 destacou a capacidade do STEP-NC em suportar processos com-
plexos de AM com metais, enfatizando a importância da integração de modelos cinemáticos do
robô para uma validação realista das trajetórias de deposição. Além disso, novos modelos de
STEP-NC em EXPRESS foram propostos para FDM e LMD, abordando parâmetros específicos
dos processos e avançando nos esforços de padronização. Esses modelos aprimoram significa-
tivamente a representação das tecnologias dentro da norma STEP-NC, oferecendo um caminho
para uma adoção mais ampla. Por fim, foi desenvolvida uma biblioteca STEP-NC baseada em
TypeScript para facilitar a serialização de modelos e a integração baseada na web, embora a au-
tomação futura da geração de classes TypeScript a partir de modelos EXPRESS permaneça uma
área essencial de trabalho. Em conclusão, esta tese contribui significativamente para o avanço
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do STEP-NC como um elemento central de um ecossistema digital abrangente. O framework
proposto e os cenários de implementação desenvolvidos ressaltam seu potencial transformador,
ao mesmo tempo em que identificam áreas críticas para pesquisas futuras e refinamentos visando
sua adoção plena na manufatura moderna.
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Chapter 1

Introduction

1.1 Contextualization

In today’s fast-paced and increasingly interconnected world, digitalization has emerged as
a transformative force, changing not only how people live but also the socio-economic and in-
dustrial sphere worldwide [1]. Digitalization can be referred to as the “integration of digital
technologies into everyday life by the digitization of everything that can be digitized", accord-
ing to the Business Dictionary (2015) [2]. However, this digital transformation goes beyond just
digitizing analog processes (digital enablement) or improving existing digital ones (digital opti-
mization) [3]. It represents a complete paradigm shift that uses cutting-edge digital technologies
to generate value for new products/processes, organizations, and businesses [4]. By embracing
this transformation, modern companies can unlock new sources of revenue, improve profitability,
and create innovative opportunities to better serve their customers in a wide range of sectors [5],
including the manufacturing industry.

The manufacturing industry, in particular, has been profoundly shaped by ongoing digital
transformation since the advent of the first computers in the mid-20th century. This digital evo-
lution has unfolded through four disruptive stages of manufacturing automation, each catalyzing
significant levels of advancement, as depicted in Figure 1.1.

The first stage, machine-level automation (1940-1950), marked a significant milestone in the
digital enablement of machine tools. They evolved from being solely dependent on the human
operator to integrating motorized axes guided by NC (Numerical Control [6]) programs, recorded
on punched tapes/cards and drum memories. This groundbreaking development significantly
reduced the need for human intervention and resulted in a substantial improvement in the quality
of fabricated parts [7].

The second stage, system-level automation (1960-1980), emerged with rapid progress in the
processing power and storage capacity of computers. This digital advancement paved the way

1



1940 - 1950 1960 - 1980 1990 - 2010 2010 - today

Machine-level
automation

System-level
automation

Network-level
automation

Cyber-physical level
automation

Punched cards/types
Drum memory
Motorized axes

Industry 4.0

Industry 5.0

PC, PLC, CNC
CAx technologies

Intelligent algorithms

Network technology
Web technology

Distributed Systems

New IT, CPS, IoT,
cloud computing,
new AI, big-data

Machine System Enterprise/business Industry

Enabling
technologies

Automation
stage

Scope

Timeline

Figure 1.1: Stages of manufacturing automation throughout the digital evolution. Font: Author

for the birth of Computer-Aided technologies (CAx) and Computer Numerical Control (CNC).
Machine tools underwent a transformative change, allowing them to interpret numerical command
lines in the G-code format (released in 1979 as RS-274 [8], later formalized as ISO 6983 in 1982
[9]). This breakthrough allowed complex design and manufacturing operations to be executed
with improved efficiency and effectiveness [10].

The third stage, network-level automation (1990-2010), brought a revolutionary transforma-
tion to the manufacturing industry by integrating processes and network technology, facilitated by
the expansion of the Internet. This era marked the introduction of distributed [11], collaborative
[12], and flexible [13] manufacturing approaches. Furthermore, through the implementation of
intelligent manufacturing techniques, operations and decision-making were optimized, propelling
the industry toward a new era of intelligent manufacturing [14]. Moreover, advanced manufac-
turing systems equipped with network connectivity facilitated real-time monitoring and remote
operation via the Internet [15]. This stage of digital transformation empowered companies to
harness the potential of e-Commerce and web-based manufacturing services, opening up new
avenues for value creation.

Today, we are witnessing the fourth stage of manufacturing automation, operating at the cyber-
physical level. This highly impactful degree of digitalization is triggering an authentic renaissance
in the realm of manufacturing, manifesting in the form of the fourth industrial revolution, the so-
called Industry 4.0. Industry 4.0 aims to transform traditional industrial production systems into a
new generation of Smart Factories for the future that are characterized by increased intelligence,
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flexibility, reconfigurability, and sustainability [16]. To achieve this, Industry 4.0 emphasizes
the integration of advanced manufacturing systems and new generation information technologies
(new IT) such as Cyber-Physical Systems (CPS), Internet of Things (IoT), Cloud Computing
(CC), Artificial Intelligence (AI), and Big-Data Analytics (BDA) [17].

Industry 4.0, initially introduced as a German initiative (I4.0 program) to secure the future
of the national industry [18], has now become a global movement with governments worldwide
leveraging its potential through similar initiatives, e.g., “Industrial Internet of Things (IIoT)" in
the United States, 2012; “Industry 4.0" in the European Union, 2014; “Japan Industry 4.0" in
Japan, 2014; “Made in China 2025" in China, 2015; and, “Agenda brasileira para a Indústria
4.0" in Brazil, 2017 [19]. These initiatives share a common goal: to achieve more efficient
and competitive industrial production by implementing highly intelligent and autonomous man-
ufacturing systems. That is, the forthcoming Smart Manufacturing (SM) [20]. Currently, on the
ten-year anniversary of Industry 4.0, the European Commission unveiled Industry 5.0, a paradigm
shift from technology-driven Industry 4.0 to a more value-driven approach [21].

Smart manufacturing is the driving force behind Industry 4.0. It represents the next genera-
tion of manufacturing systems that describe the production of tomorrow [22]. According to the
National Institute of Standards and Technology (NIST), smart manufacturing systems are charac-
terized as “fully integrated collaborative manufacturing systems that respond in real time to meet
changing demands and conditions in the factory, in the supply network and customer needs" [23].
This transformative approach to manufacturing involves two key paradigm shifts: transition from
knowledge-based intelligent manufacturing to data-driven and knowledge-enabled smart manu-
facturing [24], and shifting from ERP (Enterprise Resource Planning [25])/MES (Manufacturing
Execution Systems [26])/multi-agent [27] based production systems to CPS-based production
systems (CPPS).

Through the implementation of smart manufacturing, embodied by CPPS, Industry 4.0 holds
the promise of enhanced productivity, increased cost-effectiveness, and the pursuit of sustainable
growth. One of its primary commitments lies in achieving on-demand product individualization,
enabling the efficient production of single, tailor-made product units (also referred to as “batch
size one") to meet the unique demands of each customer [28]. For this purpose, it underscores the
service-oriented arrangement of manufacturing resources and operations in the cloud [29]. In ad-
dition, it pledges to significantly reduce time-to-market, expediting the journey from product con-
ception to final delivery [30]. Energy efficiency is also a central focus, offering the potential for
decreased energy consumption through advanced automation and data-driven processes, result-
ing in both environmental benefits and substantial cost savings [31]. Moreover, in an increasingly
unpredictable world, Industry 4.0 equips companies with the agility and flexibility to respond
promptly to supply chain disruptions like those triggered by the COVID-19 pandemic [32], en-
suring continuity in production, strengthening resilience and minimizing economic shocks.

On the other hand, CPS is a broad concept within Industry 4.0 that signifies the integration
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of computation and physical processes, utilizing embedded computers and networks to monitor
and control these processes in a mutually influencing loop [33]. Meanwhile, CPPS comprises the
application of CPS principles in the domain of production management to achieve smart man-
ufacturing in Industry 4.0 environments. These systems include smart machines, warehousing
systems and manufacturing facilities, tightly integrated end-to-end through information and com-
munication technologies [18]. They act as complex networks of interconnected, autonomous and
cooperative elements that operate at all levels of production, improving real-time decision mak-
ing, adaptability, and responsiveness [34]. According to [35], potential benefits of CPPS include
optimized production processes, enhanced product customization, resource-efficient production,
and human-centered manufacturing.

Within CPPS, the continuous and dynamic interaction between physical and virtual spaces is
characterized by synchronized bidirectional real-time data flow [36]. Real entities in the physical
space, encompassing manufacturing assets like machine tools, robots, 3D printers, products, or
an entire factory, are equipped with sensors that transmit data to their digital counterparts in the
virtual space. Simultaneously, in the virtual space, these digital replicas/copies, known as Digital
Twins [37], possess the capability for comprehensive data utilization, including storage, process-
ing, analysis, and simulation, which aims to facilitate the autonomous learning and optimized
decision-making directly impacting physical manufacturing processes.

At the forefront of the digitalization wave, Digital Twins (DTw) are recognized as the techno-
logical core within every CPPS and are deemed as a key technology for Industry 4.0 [38]. This
breakthrough technological advancement is now being championed to disrupt the status quo of the
manufacturing industry. According to a recent report from MarketsandMarkets, the global market
of DTw is poised for substantial growth, forecasted to surge from USD 10.1 billion in 2023 to
USD 110.1 billion by 2028 [39]. As expected, DTw technology has garnered strong interest from
both the academic community and industry practitioners alike. Some scholars have highlighted
the significant growth in research work concerning the development of DTw [37, 40]. Certainly,
prominent technological players have also spearheaded the development of DTw products/ser-
vices. For instance, Dassault Systèmes offers "3DEXPERIENCE Twin" [41], Siemens provides
"Teamcenter X" [42], IBM presents "Watson IoT Platform" [43], and Microsoft has introduced
"Azure Digital Twins" [44].

DTw technology finds applications in a myriad of industries, including aerospace [45], health-
care [46], agriculture [47], smart cities [48], and, of course, manufacturing [49]. Manufacturing
stands as a promising arena for the successful application of DTw, yielding concrete benefits in
optimized design, advanced simulation, real-time process monitoring, equipment provisioning
and maintenance, adaptive quality control, and autonomous decision-making. As such, DTw play
a crucial role in the realization of SM. Despite its remarkable progress in the manufacturing do-
main, there is a significant gap in the actual development and deployment of digital ecosystems
fueled by DTw solutions robustly supported by integrated data across the various stages of Digital
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Thread (DTh). Particularly in the Additive Manufacturing (AM) processes, seamless data inte-
gration and management from design to post-processing stages is crucial for process efficiency
and product quality. Addressing this gap requires industry stakeholders to prioritize standardized
digital ecosystems fueled by DTh and DTw technologies. Through concerted efforts in research,
development, and implementation, the AM industry can bridge this gap and pave the way for
transformative advancements aligned with the principles of Industry 4.0. This elicits the defini-
tion of the research problem and the motivation for this thesis work.

1.2 Research problem: definition and motivation

In the context of massive digitization, the visionary concepts of DTw and DTh emerge, with
data serving as their lifeblood flowing through the veins of cutting-edge information systems.
Intricately related, these concepts share a reliance on data-driven technologies that form the back-
bone of their functionalities.

On the one hand, DTh represents the seamless and traceable flow of data that moves be-
tween information systems throughout various stages in a product’s lifecycle, spanning from its
inception to eventual disposal. It can be seen as the digital counterpart of the traditional Product
Lifecycle Management (PLM) process. On the other hand, DTw act as virtual replicas of specific
physical entities within the PLM process or from one or more designated phases along the DTh,
providing real-time insights and simulations based on their current or historical data. Importantly,
it is worth noting that neither concept emerges to replace the other; instead, they are designed to
complement each other, each serving a distinct purpose, role, and contribution within the broader
digitalization landscape. As such, both are crucial for companies to extract maximum value from
the extensive data generated across the product development lifecycle, offering intelligent and
cohesive approaches to integrate data, knowledge, and processes.

Pioneering efforts in DTw and DTh made by the defense and aerospace industries have ex-
plored their potential benefits, now extending beyond their sectors. Boeing and Airbus, for in-
stance, use these technologies to streamline aircraft design and assembly, enabling comprehensive
assessment and predictive analysis of component performance throughout their lifecycle [50, 51].
By integrating real-time data collection, advanced analytics, and machine learning, they create
dynamic virtual replicas of physical systems, enabling predictive maintenance, streamlined man-
ufacturing, and enhanced operational reliability. These innovations allow comprehensive per-
formance simulations and informed decision-making, addressing the challenges of increasing
airspace complexity and demand for highly reliable aircraft. Through these efforts, both com-
panies drive the digital transformation of aerospace engineering, setting new benchmarks for
efficiency and safety in aviation.

Lockheed Martin’s maturity model for DTh and DTw visualization ensures alignment of capa-
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bilities, technologies, and investments for authentic interoperability along their warfighters [52].
By treating data as a strategic asset and utilizing real-time insights across the product lifecycle,
this model promotes standardization and interoperability, enabling predictive decision-making
and transparency. It supports complex mission demands by aligning industry efforts toward Joint
All-Domain Operations, ensuring their warfighters benefit from data-driven collaboration and ac-
celerated progress across aerospace and defense programs.

NASA employs DTw for future vehicle generations, merging high-fidelity simulations and on-
board data for safety and reliability [45]. By combining real-time sensor updates with predictive
modeling, NASA uses DTw to continuously forecast system health, evaluate remaining useful
life, and adapt mission parameters, ultimately redefining certification, fleet management, and sus-
tainment practices for lighter, more resilient vehicles operating in demanding environments. This
approach ensures unprecedented safety and reliability by mirroring the life of physical counter-
parts under extreme conditions.

Similarly, General Electric uses a DTw for the Boeing 777’s GE90 engine to manage aircraft
engine blades, tackling challenges such as "spallation" caused by erosion in sandy conditions
[53]. By combining real-time data with predictive modeling, GE’s DTw not only enhances sit-
uational awareness but also streamlines maintenance planning, reduces downtime, and ensures
safety. This approach allows engineers to visualize asset behavior dynamically, enabling proactive
maintenance and improved engine efficiency under demanding conditions. STEP Tools Inc has
demonstrated the practical application of DTh and DTw in manufacturing, showcasing real-time
updates of machining twin models, improved efficiency through online and off-line monitoring,
and cost reduction through cloud services and shop floor control [54].

Notably, in a scenario that is reminiscent of fiction but is a true endeavor, Singapore is creating
a DTw for the whole country [55], to address challenges like land scarcity, flooding, and infras-
tructure management in one of the world’s most densely populated nations. Using advanced
technologies such as laser-scanning aircraft, vehicle-mounted sensors, and software from Bentley
Systems, the project integrates detailed aerial and street-level data into a 3D interactive model.
This DTw supports urban planning, flood risk analysis, utility management, emergency prepared-
ness, and network optimization, enabling real-time insights and simulations to improve safety,
efficiency, and resource allocation across government, private, and public sectors.

While major industries have made strides, the development of DTw and DTh technologies
is still incipient, with much ground to cover. Their complete implementation remains a complex
challenge, particularly for small and medium enterprises with limited resources and technological
development. The innovative nature of these technologies, along with the confusion surround-
ing their definitions, connotations, and the technologies to be employed, also creates barriers to
widespread industry adoption. In addition, substantial challenges persist in achieving seamless
integration and interoperability across different operational levels: between stages of the DTh,
between DTw and other entities, and also between DTh and DTw. These challenges are primar-
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ily attributed to the heterogeneity of: data itself, file formats for data exchange, communication
protocols, and existing implementation frameworks.

According to a study [56], companies are missing up to 65% of the potential value of their
DTw by relying on the development of standalone DTw for a single purpose. To unlock this
value, a shift towards comprehensive DTh is crucial, serving as the foundation for sustained
growth and success of DTw. In other words, there should be systematic integration and interoper-
ability between DTh and DTw. The conventional "throw it over the wall" approach to department
handovers involves disjointed processes, from 3D model creation to production, leading to data
silos and inefficiencies [57]. In contrast, the synergy between DTh and DTw can eliminate these
barriers, fostering seamless collaboration, linking real-time design changes, and optimizing the
entire product lifecycle. However, it is important to note the limited research that specifically
addresses the integration of DTh and DTw, as reflected in Table 1.1.

Kraft [58] and Zweber et al. [59] have investigated the integration of DTh/DTw, particularly
within the U.S. defense air force context. West and Blackburn [60] highlight the importance of
feasibility studies for the implementation of DTh and DTw in defense. Zhang et al. [61] proposed
a DTh/DTw framework to support aircraft assembly operations. Bachelor et al. [62] utilized DTh
and DTw for Model-based Design (MBD) data management in aeronautic applications, while
Jagush et al. [63] explored DTh as a prerequisite for DTw in shipbuilding applications. Pang et
al. [64] developed a DTh/DTw framework for data management with applications in the shipyard
industry. Jiang et al. [65] proposed combining DTh and DTw in a framework for efficient product-
part design. Additional studies [66, 67, 68, 69] have concentrated on reviewing DTh and DTw
concepts and platform propositions within the Industry 4.0 context.

Table 1.1: Research works focused on the integration of DTh and DTw.

Reference Purpose Application domain
[58, 59, 60] Review of DTh and DTw integration with focus

on defense industry
Defense industry

[61] DTh/DTw framework to support aircraft assem-
bly operations

Aerospace/aircraft
industry

[62, 63] Model-based DTh and DTw for managing
model-based design (MBD); DTh as prerequi-
site for building DTw in shipbuilding

Aeronautic/shipbuilding
industry

[64] Framework that combines the DTh and DTw for
data management

Shipyard industry

[65] Product DTw supported by DTh framework Product-part design
[66, 67, 68, 69] Review of DTh and DTw concepts; DTh and

DTw Industry 4.0 platform propositions
Generic Industry 4.0
applications

The mentioned studies highlight the benefits of integrating DTh and DTw, while recogniz-
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ing the ongoing efforts needed to overcome the challenges in their implementation. However,
these investigations have predominantly focused on conceptualizing a broad integration of DTh
and DTw within the product development cycle within a specific industrial domain. Turning our
attention to AM processes, it is noteworthy that most existing DTw implementations are cur-
rently developed as standalone applications, each tailored for specific tasks such as in-process
monitoring [70], mechanistic models for predictive analysis [71], and process parameter opti-
mization [72]. A comprehensive and systematic approach for developing a digital ecosystem that
seamlessly merges DTw technology with the DTh in AM processes, fostering the integration, in-
teroperability, sharing, and management of data collected from the entire AM part1 lifecycle, is
yet to be fully realized.

As for AM, its DTh consists of a series of stages that include part design or scanning, geometry
tessellation, part model creation, preparation for build, machine code generation, manufacturing,
post-processing, and part inspection and validation [73]. Each stage generates many heteroge-
neous data that can influence the quality of the manufactured part. However, data management,
sharing, integration, and interoperability across the DTh continue to face cumbersome limitations
that can seriously hinder the widespread adoption of AM in Industry 4.0 smart manufacturing
environments.

Traditionally, the AM DTh encounters multifaceted challenges that impede seamless data
integration, sharing, and interoperability across its various stages, including design, planning,
manufacturing, inspection, and post-processing. These challenges contribute to inefficiencies and
bottlenecks in the AM process. Information isolation and loss hinder a holistic understanding of
the manufacturing context, leading to suboptimal decision making. Redundant information and
diverse file formats increase the complexity of data management and sharing, creating barriers
to effective collaboration. The unidirectional data flow restricts the establishment of feedback
loops essential for real-time adjustments and optimizations. Moreover, the limited intelligence of
machine CNC controllers limits adaptive and intelligent2 control over the manufacturing process
[74].

Similarly, DTw in the context of AM faces its own set of limitations. Current implementa-
tions often operate in "silos", focusing on modeling specific lifecycle stages of physical elements.
This siloed approach makes it challenging to analyze or compare features across diverse lifecy-
cle stages, limiting the holistic insights that a comprehensive DTw could provide. Furthermore,
collaboration methods between DTw manufacturing units and the incorporation of diverse data
streams from different lifecycle stages remain underexplored. This lack of breakthroughs in col-

1In this text, the terms "part," "piece," and "component" are interchangeable, signifying a physical object created
through manufacturing processes

2In this context, "intelligence" refers to the ability of CNC controllers to go beyond executing numerical com-
mands and instead analyze high-level information to develop a form of self-awareness of their operations. This
enables them to perform adaptive adjustments to the manufacturing process and make informed decisions in real
time.
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laboration methods and quality status monitoring hampers the full potential of DTw in contribut-
ing to the optimization of AM processes.

In essence, the limitations of DTh and DTw in AM underscore the critical need for compre-
hensive solutions that address data integration, interoperability, collaboration, and the efficient
utilization of heterogeneous data. Overcoming these challenges is essential to unlock the full
potential of AM in the 4.0 landscape of Smart Manufacturing and Industry 4.0.

1.2.1 Research question

In light of the context mentioned above, the following two key research questions arise:

• What systematic approaches can tackle the challenges of integrating, exchanging, and man-
aging data when implementing Digital Twins and the Digital Thread in AM?

• Which standards and technologies provide a robust foundation for establishing a cohesive
digital ecosystem in AM?

• What are the main challenges in implementing these technologies, and how can these ob-
stacles be effectively mitigated?

1.2.2 Hypothesis to test

We hypothesize that a standardization-driven approach to establish a new digital ecosystem
for additive manufacturing, powered by DTw and the DTh, can propel AM to the next generation
of advanced manufacturing systems, aligning with the demands of Industry 4.0. Standard-based
technologies are expected to play a pivotal role in propelling current AM towards greater data
integration and interoperability, extensive collaboration, robust connectivity and enhanced intel-
ligence in harmony with the requisites of Industry 4.0.

1.3 Objectives

The primary objective of this thesis is to propose a systematic methodology for developing
a digital ecosystem for AM, driven by standards-based DTh and DTw technologies, to address
challenges of data integration, interoperability, and collaboration.
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1.3.1 Specific objectives

To fulfill the primary objective of this thesis proposal, the subsequent specific objectives are
proposed as follows:

• Investigate and analyze existing standards, data exchange formats, and communication pro-
tocols to establish a foundational framework to construct a standards-driven digital ecosys-
tem for additive manufacturing.

• Design and propose a novel digital ecosystem architecture for additive manufacturing,
driven by standards-based DTh and DTw technologies, to enable seamless integration, in-
teroperability, and data management.

• Develop and evaluate implementation scenarios to validate the feasibility and effectiveness
of the proposed digital ecosystem in real-world additive manufacturing environments.

1.4 Contributions

Scientific and technological contributions:

• Proposed digital ecosystem (Chapter 6)

– Developed a standards-based digital ecosystem integrating DTh and DTw technolo-
gies to enable more interoperable, collaborative and intelligent manufacturing sys-
tems.

– Proposed a structured approach for integrating multiple DTh within the proposed dig-
ital ecosystem.

• STEP-NC industrial robotic machining (Chapter 7)

– Demonstrated the feasibility of using STEP-NC to program and simulate robotic ma-
chining operations, highlighting the adaptability of STEP-NC in robotic contexts.

– Developed a software adapter that converts APT machining commands into STEP-NC
programs. Available on repository in [75].

• Integrating STEP-NC and MTConnect in AM (Chapter 7)

– Method to adapt the machining-oriented STEP-NC model for FDM processes.

– Software to convert XML AM layer data to STEP-NC program. Available on the
repository in [76].
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– 3D kinematic model of the RepRap Prusa 3D printer for STEP-NC Machine. Avail-
able on teh repository in [77].

– MTConnect adapter for real-time monitoring of RepRap 3D printers, enabling the
tracking of print progress, bed and hotend temperatures, X, Y, and Z axis positions, as
well as the printing speed.

– Adapter code included into the Sprinter firmware. Available on the repository in [78].

• STEP-NC simulation for LMD (Chapter 7)

– Simulated toolpaths for robotic LMD processes, showcasing STEP-NC capability in
metal AM operations.

– 3D kinematic model of the KUKA KR 70 robot for STEP-NC Machine. Available on
teh repository in [79].

• EXPRESS entities for FDM and LMD (Chapter 7)

– Created new EXPRESS-based STEP-NC entities tailored to FDM and LMD pro-
cesses, addressing process-specific parameters such as nozzle diameter, hotend tem-
perature, extrusion speed, laser power, and wire feed rate. This provides a call to
action for ISO TC184/SC4 to consider these models for validation and inclusion in
the STEP-NC standard.

• New STEP-NC library (Chapter 7)

– Created an open-source, extensible TypeScript library to handle STEP-NC models,
supporting serialization to Part 21 and JSON formats and enabling web-based appli-
cations.

– Designed the library for extensibility, allowing the inclusion of new entities and schemas
to adapt to evolving manufacturing requirements.

– Addressed the lack of accessible tools for STEP-NC, making the library openly avail-
able on npm and promoting collaboration and adoption within the research and indus-
trial communities. Available on npm in [80].

– Pioneered novel implementations of STEP-NC for AM processes, contributing foun-
dational knowledge and tools for its evolution in research and industry.

Academic contributions:

Peer-Reviewed Publications: The findings and advancements achieved through this research
have resulted in more than seven publications in international journals, including:

11



• (Under review) The International Journal of Advanced Manufacturing Technology:
STEP-NC in Additive Manufacturing: A Comprehensive Review, Architecture and Data
Model Proposal.

• Procedia Manufacturing: A STEP-NC implementation approach for additive manufac-
turing.

• Brazilian Journal of Development: Modelo de información para manufactura aditiva
basado en STEP-NC.

• IFAC Proceedings Volumes: Developing a MTConnect Framework for RepRap Additive
Manufacturing Machines.

• IEEE Access: STEP-NC Architectures for Industrial Robotic Machining: Review, Imple-
mentation and Validation.

• The International Journal of Advanced Manufacturing Technology: Expert system to
implement STEP-NC data interface model on CNC machine.

• IEEE Latin America Transactions: Digital Twin Implementation for Machining Center
Based on ISO 23247 Standard.

• IFAC Proceedings Volumes: A Closed-Loop Inspection Architecture for Additive Manu-
facturing Based on STEP Standard.

• International Journal on Interactive Design and Manufacturing (IJIDeM): New sys-
tem architecture and algorithm design for indirect STEP-NC implementation.

The details of these articles are presented in the Appendix A.

1.5 Document organization

Chapter 2 presents an exploration of pivotal technological concepts, traversing the realms
of Industry 4.0, Reference Architecture Models, Smart Manufacturing, Cyber-Physical Systems,
Cyber-Physical Production Systems, Additive Manufacturing, and Communication Protocols (MT-
Connect, OPC-UA, MQTT). This foundational chapter lays the groundwork for understanding the
technological landscape surrounding the core themes of the document.

Chapter 3 delves into PLM and the DTh, unraveling their foundational concepts and roles in
fostering connectivity and traceability in the manufacturing ecosystem. The exploration extends
to the unique advantages of the DTh in the context of AM processes, accompanied by a scrutiny
of potential drawbacks that demand innovative solutions.
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Chapter 4 focus on the concept of DTw, offering an in-depth exploration of their definitions,
distinctive characteristics, reference architectures in the manufacturing domain, and specific ap-
plications in AM processes. This section illuminates how DTw are fundamentally transforming
modern manufacturing, creating innovative connections between the physical and digital realms.

Chapter 5 provides an in-depth literature review of the current state of STEP-NC applications
in AM. It highlights the challenges, gaps, and opportunities for advancing STEP-NC to meet the
unique needs of AM technologies.

Chapter 6 presents a comprehensive proposal for a digital ecosystem framework tailoredThis
chapter presents the conceptual framework for a robust digital ecosystem leveraging STEP and
STEP-NC as central standards. It integrates open standards such as ISO 23247, QIF, MTConnect,
OPC-UA, and MQTT to enhance data interoperability and contextual management throughout
the manufacturing lifecycle.

Chapter 7 describes the practical implementation scenarios carried out to validate the pro-
posed approaches, including robotic machining, FDM and LMD processes using STEP-NC, and
integration with cyber-physical systems using MTConnect. These scenarios demonstrate the ap-
plicability and limitations of current STEP-NC implementations while identifying opportunities
for further development.

Chapter 8 presents the conclusions derived from the research conducted within the scope of
this thesis, highlighting the main contributions of the work, and providing recommendations for
future research.
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Chapter 2

Theoretical background

2.1 Industry 4.0

Manufacturing is the transformative process of turning raw materials into valuable end prod-
ucts. From everyday items like clothing to the vehicles and airplanes moving our world, have been
manufactured through a process involving materials, machinery, resources, energy, and labor.
Changes in the way products are manufactured and consumed have led to shifts in industrializa-
tion, giving rise to authentic industrial revolutions. These industrial revolutions have fundamen-
tally altered production methods, introducing innovations and reshaping industries throughout
history, with a profound impact on the global economy and human development.

The ongoing fourth industrial revolution, known as Industry 4.0, follows the mechanization
(Industry 1.0), electrification (Industry 2.0), and information (Industry 3.0) revolutions [81]. Orig-
inating in the late 18th century, the first revolution (Industry 1.0) introduced steam engines and
mechanized looms, while the second one (Industry 2.0), in the early 20th century, embraced elec-
tricity and mass production, notably in the automotive sector. The third revolution (Industry 3.0),
starting in the 1970s, saw the ascendancy of semiconductor materials, leading to the emergence
of microelectronics, personal computers, and programmable logic controllers, paving the way for
automation and advanced manufacturing systems. Figure 2.1 illustrates the progression through
the four stages of the industrial revolution.

Industry 4.0, also named as Industrie 4.0 in German, was initiated by the German government
in 2011 as part of the High-Tech Strategy 2020 action plan, with a substantial annual financial
commitment [18]. As highlighted in the contextualization previously, this movement relies on the
seamless integration of cutting-edge technologies, such as the CPS, IoT, cloud computing, artifi-
cial intelligence, and big data analytics, into industrial manufacturing processes. By cultivating
a connected ecosystem of smart devices and systems, Industry 4.0 envisions a highly efficient
and flexible production environment. Even today, it remains a trending topic within the academic
research community. Several earlier studies have investigated the concept, related technologies,
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Figure 2.1: The four stages of the Industrial Revolution. Adapted from [18]

and future trends of Industry 4.0 [82, 83]. Some works have introduced maturity models for its
integration into enterprises [84, 85], while other have examined frameworks and scenarios for its
implementation in the form of smart manufacturing systems [20].

Hermann et al. [86] emphasize the significance of technological concepts like IoT, CPS,
Smart Factories, and the Internet of Services (IoS) in Industry 4.0 research, categorizing them as
fundamental components. Further expansion on these concepts will be provided later in this text.
Additionally, they have advocate the establishment of design principles for successful Industry
4.0 pilot projects. Table 2.1 illustrates the six design principles they proposed, associated with the
components of Industry 4.0.

Table 2.1: Design principles associated to each Industry 4.0 component [86].

CPS IoT IoS Smart Factory
Interoperability X X X X
Virtualization X X
Decentralization X X
Real-Time Capability X
Service Orientation X
Modularity X

In Industry 4.0, interoperability serves as a linchpin, connecting CPS and humans via the IoT
and the IoS. The establishment of standards becomes pivotal for effective communication across
diverse CPS from various manufacturers [86]. Meanwhile, virtualization introduces the capabil-
ity for CPS to monitor physical processes, creating a virtual counterpart through the integration
of sensor data with plant and simulation models. This virtual representation enables real-time
condition monitoring and alerts for timely response to failures [86].

Decentralization in Industry 4.0 empowers CPS with embedded computing capabilities to
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make autonomous decisions, diminishing the reliance on centralized control. In practical terms,
this means RFID tags communicate necessary working steps to machines, eliminating the need
for centralized planning within smart factories [86]. Similarly, real-time capability ensures swift
data collection and analysis, allowing continuous monitoring of the plant’s status. This real-
time responsiveness enables the plant to react promptly to machine failures, rerouting products to
alternative machines [86].

Service orientation enables the availability and utilization of services from companies, CPS,
and humans, extending across organizational boundaries through the IoS. Companies adopt a
service-oriented architecture, encapsulating CPS functionalities as web services, allowing cus-
tomizable process operations based on RFID-tagged customer requirements. Lastly, Modular-
ity, a hallmark of Industry 4.0, facilitates adaptability to changing needs by easily replacing or
expanding individual modules. Companies can embrace this by incorporating a plug-and-play
approach, seamlessly adding new modules and ensuring automated identification and utilization
through standardized software and hardware interfaces.

Nevertheless, for Industry 4.0 to fully deliver its benefits, comprehensive standardization is
crucial. From the system landscape to communication structures, a clear and agreed-upon frame-
work is essential. In this sense, reference models and architecture frameworks stand out as in-
dispensable tools, providing systematic and standardized approaches to interconnect technologies
and industrial systems. These frameworks not only simplify intricate tasks such as data acquisi-
tion and processing but also establish a common language and structure with technologies, pro-
cedures, standards, and best practices that can be used in Industry 4.0 applications.

In the following, attention is now directed to the description of a highly relevant reference
architecture model for Industry 4.0, widely accepted and applied by manufacturing companies.

2.1.1 Reference Architecture Model for Industry 4.0 (RAMI 4.0)

The "Platform Industrie 4.0" working group has introduced the Reference Architectural Model
for Industry 4.0, known as RAMI 4.0 [87], established through consensus among associations
like BITKOM, VDMA, ZVEI, Measurement and Automatic Control (GMA), German Commis-
sion for Electrical Engineering (DKE), and others German industrial enterprises. The RAMI 4.0,
depicted in Figure 2.2, stands as a pivotal framework offering comprehensive guidelines for the
systematic implementation of Industry 4.0 within industrial production systems. This sophis-
ticated model is ingeniously structured along a three-dimensional coordinate system, each axis
contributing to the holistic understanding and integration of cutting-edge technologies.

Within RAMI 4.0, the axis dedicated to the product lifecycle and value stream draws inspi-
ration from the evolving IEC 62890 standard, introducing a crucial distinction between "types"
and "instances." During the product design phases, including development, simulation, and pro-
totyping, assets are categorized as "types," transforming into "instances" once actual production
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Figure 2.2: Reference architecture model for Industry 4.0 (RAMI4.0) [87]

commences, highlighting the dynamic evolution within the manufacturing process.

The vertical axis serves as a visual representation of interoperability layers, synonymous with
architectural layers, offering insights into the IT structure of Industry 4.0. Comprising six lay-
ers—business, functional, information, communication, integration, and asset—this axis compre-
hensively covers aspects ranging from business processes to communication standards, encom-
passing both physical components and human elements integral to the operational process.

The hierarchy levels, akin to the automation pyramid modeled after the IEC 62264 standard,
delineate diverse participants within the network. This hierarchy spans products, field devices,
control devices, stations, work centers, the enterprise, and extends upward to the interconnected
world. It is essential to emphasize that, within RAMI 4.0 and Industry 4.0 at large, products
seamlessly integrate into the network, facilitating communication on par with other participants.

Moreover, RAMI 4.0 incorporates an asset administration shell that acts as the digital core,
orchestrating the creation of DTw throughout the digitized asset lifecycle; that is, the DTh [88,
89]. This dynamic representation captures and integrates real-time insights, optimizing the asset’s
journey from conception to realization. RAMI 4.0 is a way to integrate DTh and DTw, advancing
Smart Manufacturing systems within Industry 4.0, gaining increasing acceptance and significance
not only in academia but also in industry [90, 91].

As the concept of Industry 4.0 continues to evolve, various initiatives, including "IIoT" in the
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United States, "Industry 4.0" in the European Union, "Japan Industry 4.0" in Japan, "Made in
China 2025" in China, and the "Agenda brasileira para a Indústria 4.0" in Brazil, have emerged
to harness its potential. The Brazilian initiative, for example, underscores the nation’s commit-
ment to this global paradigm shift, aligning itself with the goal of fostering highly intelligent
and autonomous manufacturing systems within Brazil’s industrial landscape [19]. This commit-
ment resonates with the shared notion among all these movements to transition towards smart
manufacturing, marking a collective effort to embrace and advance the principles of Industry 4.0.

2.2 Smart Manufacturing (SM)

According to the historical perspective presented by Wang et al. [24], the genesis of SM can be
traced back to the late 1980s. In 1986, Schaffer [92] and, in 1987, Krakauer [93] were the first to
coin the term "Smart Manufacturing", exploring the application of expert system AI for enhancing
productivity and profitability in manufacturing operations. However, the term lay dormant for
three decades until the advent of Industry 4.0. Now, it is regarded as the new generation of
manufacturing excellence centered around cutting-edge technologies such as CPS, IoT, Cloud
Computing, new AI, and Big Data Analytics, heralding a new era of industrial innovation. This
recognition heralds a new era of industrial innovation, showcasing the transformative impact of
these technologies on manufacturing processes and operations.

Concerning the conceptual definitions of smart manufacturing, NIST and the Smart Manufac-
turing Leadership Coalition (SMLC) have introduced the most widely accepted definitions. NIST
defines SM as “fully-integrated, collaborative manufacturing systems that respond in real time
to meet changing demands and conditions in the factory, in the supply network, and customer
needs" [23]. Meanwhile, according to the SMLC, it is characterized as the “dramatically inten-
sified application of manufacturing intelligence throughout the manufacturing and supply chain
enterprise" [94]. In this sense, Wang et al. [24] have compiled three definitions from the literature,
covering perspectives in engineering, networking, and decision-making.

• From an engineering perspective, SM deploys advanced technologies for rapid, stable pro-
duction of new products, personalized responsiveness, and real-time supply chain optimiza-
tion.

• On the other hand, from a networking perspective, it enables data capture at all manufac-
turing levels, leading to increased productivity and decreased errors and waste over time by
the application of CPS, IoT, and IIoT technologies.

• Lastly, in a decision-making perspective, SM leverages domain data accessibility and big
data analytics capabilities to predict, optimize, and maintain production processes, enhanc-
ing overall productivity.
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Wang et al. [24] have conducted a thorough examination of the distinctions and similarities
between smart manufacturing and intelligent manufacturing, focusing on their origins, defini-
tions, capabilities, principles, and related technologies. Their analysis reveals that SM is more
frequently associated with concepts such as Industry 4.0, data-driven approaches, and big data,
whereas intelligent manufacturing is more closely linked to concepts like AI algorithms, opti-
mization, agents, and architecture. Despite these disparities, they emphasize that both are crucial
paradigms shaping the new industrial landscape of Industry 4.0.

SM’s progress stimulated researchers, consortia, and discussion groups to develop architec-
tures, frameworks, roadmaps, and platforms, reflecting a dynamic collaboration among various
stakeholders. The SMLC, which is formed by a coalition of companies, universities, manufac-
turing consortia, and consultants, has established a general collaborative platform for SM [94]
that focuses on significant objectives: reducing costs for manufacturing-oriented modeling and
simulation, lowering IT infrastructure expenses, providing access to SM applications, and creat-
ing an enterprise digital layer for applied manufacturing intelligence. Furthermore, the platform
facilitates test bed demonstrations and encourages the dynamic involvement of enterprises across
the spectrum from small to large.

One key outcome of these efforts is the creation of an industry-driven Virtual Smart Manufac-
turing Demonstration Facility (V-MDF) by seamlessly integrating pre-competitive and competi-
tive web-based resource spaces [94]. The V-MDF offers workflow tools for assembling real-time
data, supporting application models and metric calculations into active performance management
dashboards. It supports workflow-compatible applications for validating data, projecting perfor-
mance, and assessing scenario-based decision risks. The V-MDF enables rapid evaluation of
models and toolkits, standardizes models for consistent use and results, facilitates software devel-
opment, and engages entrepreneurs in developing new software modules, ultimately contributing
to faster, easier, and more cost-effective advancements in Smart Manufacturing.

Consolidating precise and specific architectures from the overarching principles of SM is im-
perative, as emphasized by Kwziak [22]. Zheng et al. [20] have proposed a systematic framework
for smart manufacturing systems in Industry 4.0 application scenarios. Illustrated in Figure 2.3,
their framework facilitates the transformation of activities/operations occurring throughout the
product lifecycle into intelligent processes, encompassing smart design, smart machining, smart
monitoring, smart control, and smart scheduling. The horizontal axis outlines these manufac-
turing activities, while the vertical axis covers a data dimension, spanning sensor and actuator
deployment, data collection, big data analysis, and data-driven decision-making. They assert that
their framework guides academics and industry professionals in implementing SM across varied
applications, emphasizing the need for future work in data collection, visualization, and decision-
making.

Tao et al. [95] have introduced a conceptual framework for data-driven smart manufacturing,
leveraging big data strategy to analyze and manage the increasingly vast volumes of data gener-
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Figure 2.3: Conceptual framework for Industry 4.0 smart manufacturing systems proposed in
reference [20]

ated throughout the manufacturing lifecycle. In combination with DTw technologies, they argue
that such an approach can be made more responsive, adaptable, and predictive, ultimately assist-
ing companies in becoming more competitive by harnessing knowledge and insights extracted
from big data.

Lu et al. [37] delved into the connotation, reference model, applications, and research issues
of DTw-driven SM. They emphasize the widespread adoption of intelligent technologies like
BDA and AI, which extract real-time manufacturing intelligence. This collective intelligence
leads to the evolution of intra-business operations, inter-business collaboration, and production
models, promoting smart production, connected production networks, and mass personalization.
In line with this perspective, DTw for manufacturing assets, people, factories, and production
networks can be created in SM environments. They suggest that future research should prioritize
standards, communication protocols, time-sensitive data processing, and reliability in exploring
DTw application scenarios.

NIST has notably emphasized the pivotal role of standards in steering the evolution of SM
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[96, 97]. Their holistic conceptualization of an ecosystem for SM, spanning three dimensions
throughout the manufacturing lifecycle—product, production system, and business—is illustrated
in Figure 2.4. This comprehensive approach involves not only presenting a landscape of current
standards but also actively contributing to the development of essential frameworks [96, 97, 98].
NIST is deeply engaged in initiatives such as the creation of a DTh for SM [99], ensuring seamless
connectivity and information flow throughout the entire product lifecycle. Additionally, their ef-
forts extend to defining product standards specifically tailored for the SM domain [100]. Research
contributions from NIST are pivotal in shaping a standardized and interconnected landscape cru-
cial for the success of SM implementations.

At this juncture, it is essential to highlight that the goal of SM is to transform data collected
throughout the product lifecycle into manufacturing intelligence, intending to positively influ-
ence every facet of the manufacturing process [101]. In this context, effective data management
becomes paramount, and it is here that the concepts of DTh and DTw play a pivotal role. The
DTh aspires to establish a digital lifecycle ecosystem that interconnects the data produced across
a product’s lifecycle [102]. It serves as a comprehensive representation of the data, processes,
and communication platform supporting a product and its production at any given moment [102].
Simultaneously, DTw provide a virtual representation of physical assets, enabling real-time mon-
itoring, analysis, and optimization. Therefore, the synergy between these concepts becomes the
backbone of SM.

Figure 2.4: NIST’s conceptualization of a ecosystem for SM [96].
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2.3 Cyber-Physical Systems (CPS)

CPS represent a transformative paradigm at the intersection of physical processes and com-
putational capabilities. These systems seamlessly integrate real-world entities with advanced
computing and communication technologies, creating a symbiotic relationship between the phys-
ical and digital realms. CPS merge the tangible aspects of the physical world, such as sensors,
actuators, and machinery, with the intelligence and connectivity afforded by digital systems. This
integration enables unprecedented levels of monitoring, control, and automation across diverse
domains, revolutionizing how we interact with and manage the physical world. In the context
of SM, CPS play a pivotal role in orchestrating intelligent, interconnected processes that drive
efficiency, responsiveness, and innovation throughout the entire manufacturing lifecycle.

The foundation of CPS lies in longstanding principles, demonstrated by early automotive sys-
tems integrating physical control with embedded computers since the 1970s [103]. In 2006, the
National Science Foundation (NSF) officially coined the term CPS, recognizing the increasing
complexity of systems beyond traditional IT representation [36]. Expanding on this, in 2008, Ed-
ward A. Lee [33] presented a widely accepted definition for CPS, characterizing them as "integra-
tions of computation and physical processes, with embedded computers and networks monitoring
and controlling physical processes, often through feedback loops where physical processes impact
computations and vice versa". Today, CPS is universally acknowledged as a pivotal technological
component driving the ongoing evolution of Industry 4.0 [18, 86].

By fusing computing, communication, and control in a symbiotic alliance referred to as the
“3C” , CPS offer instantaneous sensing, information feedback, dynamic control, and a spectrum
of additional services [104, 105]. La et al. [106] propose a 3-tier architecture for CPS (see Figure
2.5): Environmental Tier (physical devices and target environment), Control Tier (monitored
data processing and service invocation), and Service Tier (computing environment with deployed
services). This service-based CPS offers advantages such as reusing generic services, adapting
services to monitored contexts, and flexible handling of functional requirements.

Figure 2.5: 3-tiers architecture of service-based CPS [106].
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On the other hand, Lee et al. [107] proposed a 5-level architecture, namely the "5C" architec-
ture, for developing, implementing and deploying CPS in manufacturing. The architecture serves
as a practical guideline for enhancing product quality and system reliability. The key levels in-
clude Smart Connection (acquiring reliable data), Data-to-Information Conversion (processing
data for valuable insights), Cyber Level (central information layer for data analytics), Cognition
Level (producing comprehensive knowledge for user decision support), and Configuration Level
(supervisory control for machinery adaptability). This approach emphasizes seamless data acqui-
sition, self-awareness in machines, user-friendly presentation of knowledge, and a feedback loop
for self-adaptive machinery control. Meanwhile, Jiang [108] advocates the "8C" architecture, an
enhancement of the "5C" model, incorporating "3C" facets—coalition, customer, and content.
This emphasizes a harmonious blend of vertical and horizontal integration for implementing CPS
in smart factories.

The technological core of CPS lies in DTw, a concept that will be thoroughly examined in
Section 4. Presently, CPS technology pervades a diverse array of applications, encompassing
agriculture, defence, energy response, air transportation, critical infrastructure, health care, in-
telligent transportation, robotic services, and smart manufacturing [109, 110]. Notably, within
the manufacturing sector, the implementation of CPS gives rise to CPPS, which are described in
detail below.

2.3.1 Cyber-Physical Production Systems (CPPS)

The integration of CPS into production management has resulted in the emergence of CPPS,
representing the fusion of intelligent technologies within manufacturing processes. As delin-
eated by Monostori [34], CPPS represents systems of systems, characterized by cooperative and
autonomous elements that establish connections across all tiers of production. This connectivity
spans from shop floor processes and individual machines to comprehensive manufacturing and lo-
gistics networks. Notably, CPPS facilitates decentralized decision-making in real-time, enabling
more agile responses to unforeseen situations and evolving conditions.

CPPS marks a departure from the traditional automation pyramid (illustrated in Figure 2.6),
introducing decentralization with a focus on maintaining control and field levels for critical pro-
cesses. This shift challenges the established hierarchy in manufacturing, allowing computational
elements to embed deeply into various devices for decentralized and flexible operation [34].
Emerging from systematic CPS implementation, CPPS represents the future of manufacturing,
featuring end-to-end ICT integration and key components for real-time data acquisition, analyt-
ics, and self-optimizing production control. This transformative trend underscores CPPS’s pivotal
role in reshaping industrial production dynamics.

Monostori et al. [109] highlight three key characteristics inherent to CPPS. First, intelligence,
or smartness, denotes their capacity to autonomously gather information from the environment.
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Figure 2.6: Decentralizing the traditional automation pyramid: A breakdown of the automation
hierarchy through distributed services [34].

Second, connectedness underscores their proficiency in establishing and utilizing connections
with diverse system elements, enabling collaboration with humans and access to internet-based
knowledge and services. Finally, responsiveness stands out as a defining attribute, indicating
CPPS’s adaptability to internal and external changes, ensuring a dynamic and effective opera-
tional framework. Ensuring real-time synchronization between physical entities and virtual mod-
els is crucial for optimal performance and seamless integration within manufacturing processes,
particularly in the context of DTw.

Uhlemann et al. [111] have tackled issues in contemporary manufacturing planning, shed-
ding light on the substantial time investment—74%—dedicated to data acquisition and layout
development. Recognizing the underutilization of fully automated techniques in line with Indus-
try 4.0 principles, the authors address deficiencies in automated data acquisition and analysis,
particularly in benchmarking results. Their proposed solution involves a pragmatic multi-modal
data acquisition approach, coupled with the introduction of the DTw concept. This innovative
approach aims to optimize production processes in real-time, emphasizing the integration of CPS
for immediate data alignment with the real-life model. The authors further contribute practi-
cal guidelines for implementing the DTw in the production systems of small and medium-sized
enterprises.

Lu and Ju [112] have introduced the cyber-physical manufacturing services (CPMS) concept
in a Service-Oriented Architecture (SOA) framework, leveraging IoT technology. Their model
segregates service provision and request aspects, utilizing standardized taxonomies and a refer-
ence ontology for mediation, exemplified in a 3D printing use case. Rossit et al. [113] emphasize
real-time decision-making, distinguishing basic scheduling issues from higher-level production
planning within CPPS for Industry 4.0. Ding et al. [114] delve into CPPS and Digital Twins
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for real-time monitoring, simulation, and prediction on the shop floor to amplify production ef-
ficiency and flexibility. Francalanza et al. [115] introduce a proactive design methodology for
CPPS, implemented in a prototype digital factory tool, showcasing its effectiveness in decision
support and stakeholder awareness.

The continued investigation into CPPS promises to unlock unprecedented capabilities, foster-
ing a new era where real-time decision-making, flexibility, and enhanced production efficiency
converge harmoniously. The imperative of real-time data access is central to CPPS, particularly
in the context of Industry 4.0’s smart factories. The convergence with IoT further magnifies trans-
formative possibilities, providing the groundwork for exploration in the following section.

2.4 Internet of Things (IoT)

The term "Internet of Things" originated in a 1999 presentation by Kevin Ashton at Procter
& Gamble (P&G), linking RFID in supply chains to the Internet [116]. Ashton foresaw a future
where computers, with RFID and sensor technology, autonomously gather information about
the physical world. This vision aimed to reduce waste, enhance efficiency, and revolutionize
our interaction with the environment. The IoT, evolving over two decades, has transformative
potential, extending beyond simplistic comparisons like a "bar code on steroids" to revolutionize
our world, similar to the impact of the Internet itself [116].

IoT is defined as a global network where interconnected objects, uniquely addressable and em-
ploying standard communication protocols, form a dynamic infrastructure with self-configuring
capabilities [117]. In this network, physical and virtual "things" possess identities, physical at-
tributes, and virtual personalities, seamlessly integrating into the information network. The funda-
mental concept of the IoT revolves around enabling communication between entities regardless
of location or time, facilitated by context-aware application [118]. This extension of human-
computer interaction involves entities capable of being identified and integrated into communica-
tion networks, fostering autonomy and context-awareness.

Today, IoT has become a ubiquitous force permeating various sectors and reshaping the tech-
nological landscape. Its influence extends in diverse fields application such as healthcare, agri-
culture, smart cities, and notably, the manufacturing industry [119, 120]. In manufacturing, IoT
plays a central role, providing a seamless network that connects devices and systems. This in-
terconnected framework facilitates the real-time exchange of data, laying the groundwork for
intelligent decision-making and heightened operational efficiency. Its integration into manufac-
turing processes stands as a testament to its profound impact on Industry 4.0 and the evolution of
smart factories.

IoT transforms manufacturing systems by creating a global network of interconnected "things"
that include various components such as materials, sensors, controllers, and machines [121]. The
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rapid expansion of IoT-driven sensing generates vast datasets, whether stored locally or in the
cloud, paving the way towards a CPS-based manufacturing systems. For that, IoT harnesses di-
verse smart sensing technologies such as RFID (Radio Frequency Identification), wireless sensor
networks, and mobile computing [121]. RFID enhances tracking and identification capabilities,
while wireless sensor networks provide real-time data from various sources. Mobile computing
acts as a catalyst, facilitating seamless integration and accessibility of information, collectively
contributing to the robust sensing infrastructure within IoT applications.

Various IoT architectures have been proposed by researchers, reflecting the diversity in this
field. A fundamental three-layer architecture comprises the perception layer (physical sensors),
the network layer (device connectivity), and the application layer (service delivery) (see Figure
2.7 (A)). However, IoT research has spurred more detailed architectures, such as the five-layer
model (see Figure 2.7 (B)). In this expanded structure, the transport layer facilitates seamless
data exchange through networks, while the processing layer, or middleware, handles storage and
analysis using technologies like databases and cloud computing. Although this description omits
the role of the business layer in system management and user privacy, it highlights the intricate
and evolving nature of IoT architectures.

Figure 2.7: Fundamental IoT architectures: (A) Three layers; (B) Five layers. [122].

Other domain-specific architectures have also been proposed to cater to specific areas, en-
compassing domains like RFID, service-oriented architecture, wireless sensor networks, supply
chain management, industry, healthcare, smart city, logistics, connected living, big data, cloud
computing, social computing, and security [123].

Ultimately, IoT facilitates a symbiotic interaction between the physical and virtual worlds,
enabling ubiquitous connectivity and interaction among people and "things" across various paths,
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networks, and services. Now, let’s delve into the IIoT as a crucial application of IoT specifically
tailored for the manufacturing and production industry.

2.4.1 Industrial Internet of Things (IIoT)

IIoT represents a specialized facet of IoT, tailored for modern industries and smart manu-
facturing within the landscape of Industry 4.0. IIoT, distinct from typical IoT devices, targets
significant industrial assets, linking engines, power grids, and sensors to the cloud through a spe-
cialized network [124]. This approach resonates with the notion that the Industrial Internet or
IIoT encompasses numerous interconnected devices with communication software. These sys-
tems and their individual components can monitor, collect, exchange, analyze, and autonomously
respond to information, intelligently influencing their behavior or surroundings—without human
intervention [124].

This intricate system integrates various technologies synergistically to create a unified, effi-
cient network of systems and devices. By leveraging services, networking technologies, sensors,
and middleware, IIoT enhances insight and facilitates monitoring and control of enterprise pro-
cesses and assets. Its applications play a crucial role in optimizing manufacturing operations,
enabling real-time responses through decentralized analytics, and ultimately elevating overall ef-
ficiency and productivity. IIoT, with its potential to reduce unplanned downtime, accelerate time-
to-market, and enhance economic growth, stands at the forefront of transformative advancements
in industrial settings [120].

Now, we delve into an integral IIoT architecture framework shaping the connectivity and
intelligence within industrial systems.

2.4.1.1 Industrial Internet of Things Reference Architecture (IIRA)

Other relevant reference architecture for Industry 4.0 is the Industrial Internet of Things Ref-
erence Architecture (IIRA), which represents a comprehensive framework designed to guide the
integration and implementation of the Industrial Internet of Things (IIoT) [125]. Developed by the
Industrial Internet Consortium (IIC), a global organization dedicated to advancing the adoption of
the Industrial Internet, the IIRA serves as a foundational blueprint for creating interoperable and
secure IIoT systems. This architecture encompasses key aspects such as connectivity, data pro-
cessing, and security, providing a structured approach for designing and deploying IIoT solutions
across various industrial domains.

This architecture is characterized by five functional domains as shown in Figure 2.8: business,
operation, information, application, and control, all converging in a data-analysis-centered inte-
gration approach. Emphasizing cross-industry versatility and interoperability, the IIRA provides a
comprehensive set of methods and models to guide system design, with a strategic focus on deriv-

27



ing tangible business value [126]. Some prior studies [88] have explored mapping and integrating
the cross-domain and interoperability strengths of the IIRA with the connected manufacturing
value chain focus of the RAMI 4.0. Functional domains of IIRA align seamlessly with RAMI
4.0’s vertical layers, specifically addressing asset digitization [88]. This collaborative examina-
tion aims to enhance interoperability and provide a more holistic approach to guide the evolution
of industrial systems, shaping the future landscape of interconnected industrial ecosystems for
Industry 4.0.

Figure 2.8: Industrial Internet of Things Reference Architecture (IIRA) [125]

2.5 Enabling standard technologies and frameworks

Lu et al. [127] argue that the successful implementation of smart manufacturing hinges on
seamless integration within and across manufacturing processes and systems. This integration
critically depends on standardized and interoperable interfaces spanning the various stages of
manufacturing and phases of the product DTh. Their study highlights key standards pivotal to
each phase of the product lifecycle, as illustrated in Figure 2.9. In the design phase, standards
like STEP AP203 [128], AP214 [129], AP242 [130], and the QIF model-based design [131]
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take center stage. For the planning-for-manufacturing phase, they emphasize the importance of
STEP-NC (ISO 14649 [132] and ISO 10303-238 [133]), RS-274 [8], and ISO 6983 [9] (G-code).
In the planning-for-inspection phase, DMIS [134] and QIF plans [131] are identified as critical
standards. During the manufacturing phase, MTConnect [135], OPC UA [136], and ISO 23247
(Digital Twin framework for manufacturing) [137] emerge as key enablers. Lastly, for the inspec-
tion phase, QIF results [131] are highlighted as a prominent standard. Moreover, Lu et al. [127]
stress that the widespread adoption, dissemination, and continuous evolution of these standards,
guided by a demand-driven approach, are essential to realizing the automation of personalized,
product-centric manufacturing processes and the development of networked, self-organizing man-
ufacturing systems.

Figure 2.9: Chronological representation of standards across various stages in the product lifecy-
cle [37, 127].

Effective communication among IoT devices relies on standardized protocols that ensure
seamless connectivity and interoperability within networks. Yang et al. [121] highlight com-
monly used data link protocols for IoT systems, including Bluetooth, ZigBee, Z-wave, WiFi,
NFC, Sigfox, Neul, LoRaWAN, and Cellular, as detailed in Table 2.2. Additionally, they provide
an overview of major IoT platforms that form the foundational infrastructure for seamless com-
munication and integration between physical systems and cyber-world applications. Prominent
platforms such as GE Predix, PTC ThingWorx, IBM Watson, Azure IoT, Google IoT Cloud, AWS
IoT, Machineshop, Cisco IoT Cloud, and Oracle Cloud support diverse functionalities, including
cloud computing, embedded systems, augmented reality, data management, software applica-
tions, machine learning, and analytical services, demonstrating their critical role in modern IoT
ecosystems.
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Table 2.2: Wireless communication protocols with associated parameters. Adapted from [121].

Protocol Standard Frequency
Range

Data Rates Range

Bluetooth Bluetooth 4.2 2.4GHz 1Mbps 50-150m
ZigBee IEEE802.15.4 2.4GHz 250kbps 10-100m
Z-Wave ZAD12837 900MHz 9.6/40/100kbps 30m
WiFi IEEE 802.11 2.4GHz, 5GHz 150 600Mbps 50m
NFC ISO/IEC 18000-3 13.56MHz 100 420kbps 10cm

Sigfox Sigfox 900MHz 10 1000bps 30-50km (Rural),
3-10km (Urban)

Neul Neul 900MHz 10 100kbps 10km
LoRaWAN LoRaWAN Various 0.3-50 kbps 15km (Rural), 2-

5km (Urban)
Cellular GSM / GPRS /

EDGE, UMTS /
HSPA, LTE

900MHz,
1800MHz,
1900MHz,
2100MHz

Varies 35km (GSM),
200km (HSPA),
35-170kbps
(GPRS), 120-
384kbps (EDGE),
384kbps-2Mbps
(UMTS),
600kbps-10Mbps
(HSPA), 3-
10Mbps (LTE)

The communication protocols listed in Table 2.2 are general-purpose solutions designed for
a wide range of IoT applications. However, in the manufacturing domain, specialized proto-
cols have emerged that not only utilize but also integrate several of these foundational protocols.
These protocols, including MTConnect, OPC-UA, and MQTT, are increasingly being adopted as
open and standardized solutions tailored for industrial environments. Their growing prominence
underscores their importance in fostering interoperability and real-time data exchange in smart
manufacturing systems. A detailed discussion of these protocols will be provided in subsequent
sections.

Based on the literature analysis, a selection of standards has been identified to address various
aspects of this ecosystem, including frameworks for cyber-physical systems, DTw frameworks
for manufacturing, communication protocols, and data models for information exchange across
the DTh. These standards are presented in the following sections.
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2.5.0.1 ISO 23704 - Cyber-physically controlled smart machine tool systems

The recently released ISO 23704 series [138], introduced in 2022, plays a pivotal role in stan-
dardizing the reference architecture for Cyber-Physical Machine Tools (CPSMT), focusing on
both subtractive and additive manufacturing processes. Recognizing the critical role of machine
tools in manufacturing, especially in producing machine parts across various industrial sectors,
this standard addresses the need for coherence amid the diverse concepts and terminologies em-
ployed by different stakeholders in the smart machine tool landscape.

In the context of Industry 4.0 and smart manufacturing, where digitalization and connectivity
are paramount, ISO 23704 provides a comprehensive framework for the development and control
of cyber-physically controlled smart machine tool systems. The overrall structure of the ISO
23704 is depicted in Figure 2.10. The series encompasses an overview and fundamental principles
(ISO 23704-1) [138], a reference architecture for subtractive manufacturing (ISO 23704-2) [139],
and a reference architecture for additive manufacturing (ISO 23704-3) [140].

Figure 2.10: Overall structure of the ISO 23704 [138].

The overall structure of ISO 23704 serves as a guide for smart machine tool design engi-
neers, system architects, software engineers, machine tool control vendors, solution and service
providers, and end-users. It addresses the general requirements of smart machine tools, sup-
porting smart manufacturing on the shop floor through a cyber-physical system control scheme.
As Industry 4.0 continues to evolve, the ISO 23704 series stands as a foundational document,
providing a standardized approach to enhance interoperability, efficiency, and reliability in smart
machine tool systems. Future additions to the series, including implementation guidelines and ref-
erence architectures for different manufacturing types, are anticipated to further enrich its scope
and applicability.

Cyber-Physical Machine Tools (CPMTs) represent a transformative leap in smart manufactur-
ing, integrating CNC machines, manufacturing processes, and Cyber-Physical Systems (CPS) un-
der the paradigm of Machine Tool 4.0 (MT 4.0) [7]. Equipped with Machine Tool Digital Twins
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(MTDTs)—dynamic digital representations of machine characteristics and behaviors—CPMTs
leverage CPS, IoT, and cloud computing to achieve high connectivity, adaptability, real-time in-
teraction, and predictive intelligence [141]. These capabilities enable seamless integration within
the digital chain (CAD/CAPP/CAM/CAI) and foster self-aware, autonomous operations, essential
for the interconnected and adaptive factory environments envisioned in Industry 4.0 [142].

Advancing the digitalization and servitization of machine tools, Liu et al. [143] reviewed
platforms enabling standardized communication among machine tools, highlighting innovations
such as a cyber-physical platform based on OPC UA and MTConnect [144]. This approach fa-
cilitates interoperable data exchange and showcases applications like augmented reality-assisted
interfaces to enhance production efficiency. Similarly, Alvares et al. [145] developed a CPS
framework incorporating MTConnect, OPC-UA, and STEP-NC for real-time CNC turning cen-
ter monitoring and teleoperation. Collectively, these advancements underline the importance of
integrating CPMTs with interoperable protocols and data standards to elevate efficiency, process
quality, and human-machine collaboration in smart manufacturing ecosystems.

2.6 Communication protocols

Standard communication protocols play a crucial role towards a digital ecosystem powered
by DTh and DTw, facilitating seamless interoperability and data exchange across diverse systems
and platforms. By adhering to standardized protocols such as MTConnect, OPC-UA, and MQTT,
it can effectively communicate with various components, devices, and software applications, en-
abling real-time data streaming, monitoring, and control. These standardized protocols ensure
compatibility, reliability, and scalability, laying the foundation for robust and interconnected dig-
ital ecosystems that drive innovation and efficiency across industries. This section delves into the
foundations of MTConnect, OPC-UA, and MQTT.

2.6.1 MTConnect

MTConnect, developed by the Association for Manufacturing Technology (AMT) [135], is
an open-source and royalty-free communication standard designed to enhance interoperability
between shop floor devices and software applications. This standard facilitates data reporting
through the Internet Protocol, utilizing prevalent technologies such as XML and HTTP (Hyper-
Text Transfer Protocol). At its core, MTConnect consists of two main components: the MTCon-
nect Adapter and the MTConnect Agent. The Adapter serves as a translator, collecting data from
shop floor devices, converting it into a simple text-based format, and delivering it to the Agent.
Meanwhile, the Agent receives the data, formats it into an MTConnect XML stream, and makes it
accessible to web clients in the manufacturing cloud. By utilizing a hierarchical semi-structured
data model, MTConnect enables the grouping of data items from manufacturing equipment into
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readable schemes, accessible to both computers and humans. The Agent responds to HTTP re-
quests by providing XML data streams, offering various request types such as "probe," "current,"
and "sample" to retrieve different types of data from manufacturing equipment. Figure 2.11 show
the data flow in MTConnect-based manufacturing architectures.

Figure 2.11: A typical data flow in MTConnect-based communication [146]

Moreover, MTConnect defines a semantic vocabulary for manufacturing equipment, ensur-
ing structured and contextualized data exchange without proprietary formats. Leveraging stan-
dards like XML, HTTP, and TCP/IP, MTConnect maximizes interoperability and simplifies the
implementation of MTConnect-compliant applications. Additionally, MTConnect establishes a
hierarchical information model for machine tools, defining components, available data, and their
relationships, reducing the effort and time required for building information models and enhanc-
ing the usability of MTConnect-compliant applications.

2.6.2 OPC-UA

OPC Unified Architecture (OPC UA) [136] is an open standard protocol designed for indus-
trial communication, serving as a successor to the previous OPC protocol. Unlike its predecessor,
which was limited to Microsoft Platforms, OPC UA was developed to be cross-platform, web-
based, and independent of specific operating systems. Released in 2006, OPC UA addresses
shortcomings of classic OPC, such as platform dependence, inadequate data models, and security
concerns. Figure 2.12 shows a basic OPC UA communication architecture.

With a service-oriented architecture, OPC UA offers enhanced security features and supports
a broader range of industrial equipment and systems, making it suitable for communication be-
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Figure 2.12: Basic OPC UA communication structure

tween devices within machines, between machines, and from machines to systems. This protocol
provides both communication and information modeling capabilities, allowing the modeling and
development of DTw for manufacturing equipment in the cyberspace.

In the context of Industry 4.0, OPC UA plays a crucial role in CPPS architecture. It aligns with
the recommendations of RAMI 4.0, providing standardization for Industry 4.0 communication
layers. OPC UA implementation for Industry 4.0 is partially standardized as an international
standard IEC 62541 [147], further solidifying its importance in modern industrial communication
architectures.

2.6.3 MQTT

MQTT, or Message Queuing Telemetry Transport, is a lightweight and efficient messaging
protocol designed for connecting IoT devices. Originally developed in 1999 by Andy Stanford-
Clark of IBM and Arlen Nipper of Arcom (now Cirrus Link), MQTT was created to enable
minimal battery loss and bandwidth usage when connecting with oil pipelines via satellite [148].
Over time, MQTT has evolved into a widely adopted protocol for IoT and IIoT applications due
to its simplicity, reliability, and scalability.

The protocol operates on a publish/subscribe messaging model (See Figure 2.13), where de-
vices publish messages to topics and other devices subscribe to those topics to receive messages.
Topics are hierarchical strings that organize messages into logical categories, allowing for flexible
communication between devices. MQTT’s lightweight nature minimizes the resources required
by clients and network bandwidth, making it ideal for constrained environments and low-power
devices. One of the key components of MQTT is the MQTT Broker, which acts as an intermedi-
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ary between publishers and subscribers. The broker receives messages published by devices and
forwards them to subscribers based on their topic subscriptions. This decoupling of producers
and consumers enables highly scalable solutions and eliminates dependencies between devices.

MQTT offers several advantages, including bidirectional communication, scalability to sup-
port millions of devices, and different Quality of Service (QoS) levels to ensure reliable mes-
sage delivery. It also supports persistent sessions, allowing for the maintenance of connections
between devices and servers over unreliable networks. Additionally, MQTT provides security
features such as TLS encryption for message confidentiality and authentication protocols for
client verification. In 2014, MQTT became an officially approved OASIS (Organization for the
Advancement of Structured Information Standards) standard, further solidifying its status as an
open and vendor-neutral protocol. After, in 2016, is officially standardized as ISO/IEC 20922
[149]. The latest version of MQTT, MQTT 5, introduced new features for improved reliability
and scalability, catering to the evolving needs of IoT applications deployed on cloud platforms
and mission-critical use cases.

In general, MQTT’s simplicity, efficiency, and robustness make it a preferred choice for con-
necting IoT devices and enabling real-time communication in a wide range of applications, in-
cluding smart homes, industrial automation, agriculture, healthcare, and transportation.

Figure 2.13: Typical MQTT publisher/subscriber architecture. Adapted form [148]

2.7 Manufacturing processes

Manufacturing processes, essential for material transformation, involve diverse techniques
that shape raw materials into functional products. These processes play a pivotal role in indus-
try and economic development, impacting product quality, cost-effectiveness, and innovation.
Classification of these processes is based on their approach to material transformation, including
subtractive (i.e. machining), additive (i.e. AM/3D printing), joining (i.e. welding), dividing (e.g.
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sawing,...), and transformative (e.g. forming, heat treatment,...) techniques [150]. It’s notewor-
thy that AM, our primary focus, falls within the additive category, and will be further described
below.

2.8 Additive Manufacturing (AM)

AM, commonly known as 3D printing, refers to a revolutionary set of technologies that add
material to create 3D physical objects directly from digital models. The ISO 52900 standard
define AM as the “process of joining materials to make parts from 3D model data, usually layer
upon layer, as opposed to subtractive manufacturing and formative manufacturing methodologies"
[151]. Additionally, terminologies such as Rapid Prototyping (RP), Direct Digital Manufacturing
(DDM), Rapid Manufacturing (RM), Rapid Tooling (RT), and Solid Freeform Fabrication (SFF)
are often used interchangeably to describe AM processes.

Thanks to its unique layer-by-layer material addition concept, AM technologies enable the
construction of parts with highly intricate geometries (e.g., lattice structures, mold cooling chan-
nels, etc.) without the need for expensive tools or fixtures, thereby minimizing material waste.
Furthermore, AM offers unprecedented opportunities for crafting customized, complex parts,
whether produced individually or in small batches, suitable for prototyping or immediate use
[152, 153]. Its versatility is manifested in its ability to realize products that were traditionally as-
sembled from various components as a single piece, incorporating multiple materials and colors.
This not only reduces manufacturing time and complexity but also allows different part groups
to be manufactured simultaneously on the same machine without the need for multiple setups,
contributing to resource optimization and decreasing production times and costs [154].

Recent advances in materials, process parameters, and machine utilities have propelled AM
beyond its initial role in rapid prototyping. It has evolved into a primary manufacturing process,
standing alongside traditional methods like machining and incremental sheet forming. This evo-
lution has broadened the scope of AM, making it a viable option for producing functional parts.
The technology not only offers intricate design freedom but also provides a higher degree of cus-
tomization, meeting the dynamic demands of the market for specialized and tailor-made compo-
nents. The promising benefits of AM have driven its adoption across critical industries, including
aerospace [155, 156], automotive [157], biomedical [158], and construction [159]. Simultane-
ously, its market potential is significant, with an anticipated global economic impact reaching
USD $250 billion by 2025 [160].
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2.8.1 Primary AM application areas

The application AM in the industry encompasses four production domains, as illustrate in
Figure 2.14, each described below:

• Rapid prototyping: AM facilitates the creation of low-cost physical prototypes, closely re-
sembling the final product, to swiftly validate solution principles during the conception and
design phases of a new product [161]. According to Bruder [162], there are four reasons
for utilizing AM in rapid prototyping: first, it accelerates product development by initiating
the marketing process earlier; second, it enhances communication among different depart-
ments involved in the development process; third, it allows testing functionalities and/or
interactions with other components; and fourth, virtual models lack the same visual and
emotional perception as a physical prototype.

• Re-manufacturing: AM provides possibilities for remanufacturing and repairing parts di-
rectly at the end of their life cycle, eliminating the need for the recycling phase. Repaired
parts can be reintegrated into the original product or incorporated into a new one, lead-
ing to substantial reductions in repair times, for instance, up to 60% for components like
industrial compressor turbine parts [163]. Remanufacturing with AM promotes more sus-
tainable manufacturing by markedly decreasing energy consumption and material waste
[164], aligning with the principles of a circular economy [165].

• On-demand parts: AM tackles challenges linked to maintaining a relatively extensive in-
ventory of parts near consumption sites, including high storage costs, stock obsolescence,
and capital costs associated with low-movement parts [166]. Moreover, it effectively ad-
dresses the challenge of promptly and cost-effectively providing missing or repair parts to
sustain the reliable functionality of products. Through on-demand part production, AM
eliminates the necessity for intricate maintenance inventories, proving particularly advan-
tageous in the aircraft spare parts sector [167].

• Direct-use rapid manufacturing: Recent advancements in AM, marked by the integration
of high-performance materials and enhanced machine capabilities, have propelled it beyond
its initial role in rapid prototyping. AM has evolved to directly manufacture parts for final
use, promoting the development of innovative, high-performance components and products
with novel features. Simultaneously, this evolution results in reduced processing times and
production costs.

Different application areas involve various data types, requiring meticulous orchestration. The
challenge is to synchronize this wealth of information, ensuring smooth integration—a pivotal
aspect in guiding the manufacturing life cycle through a unified DTh.
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2.8.2 Classification of AM processes.

ISO 52900 categorizes AM processes into seven groups [151], considering the type of material
and technology employed in the material transformation process, as illustrated in Figure 2.15.
These categories include Binder Jetting Technology (BJT), Directed Energy Deposition (DED),
Material Extrusion (MEX), Material Jetting Technology (MJT), Powder Bed Fusion (PBF), Sheet
Lamination (SHL), and Vat Photopolymerization (VPP).

The categories marked with the label "Metal" indicate processes suitable for metal materials.
Within these processes, DED is an innovative AM method that employs focused thermal energy
to selectively melt and fuse material layer by layer, constructing intricate three-dimensional struc-
tures [168]. Utilizing a precise energy source, like a laser or electron beam, directed at a substrate,
localized melting occurs, as shown in Figure 2.16. Simultaneously, feedstock material, typically
in powder or wire form, is introduced into the molten pool, solidifying and progressively building
the desired object. DED stands out for its versatility in using various materials, making it suitable
for producing large and complex components with enhanced material properties.

One specific variant within the DED category is Laser Metal Deposition (LMD). In LMD, a
laser is employed to melt and fuse metal powder or wire onto a substrate, layer by layer, creating
intricate structures [170]. Meltio [171], a notable player in this field, has pioneered advancements
in LMD technology, particularly focusing on wire-based solutions. Meltio’s expertise in devel-
oping LMD systems with wire feedstock has contributed to the versatility and efficiency of the
process, showcasing the potential for this technology in various industrial applications.
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Figure 2.15: Overview of AM technology categories.

Figure 2.16: Directed Energy Deposition (DED) [169]

Meltio sets itself apart in the realm of DED through its state-of-the-art technology, notably
the multi-laser deposition system (head + controller), named Meltio M450 [171]. This compact
head, as depicted in Figure 2.17, equipped with multiple lasers, stands out for its simultaneous
processing of single and dual wires, showcasing remarkable versatility. Key features encompass
integrated wire feeds essential for high process reliability, a short distance from feeder to pro-
cess ensuring precision in wire feeding, a laser calibration method, Shield Gas Ring preventing
oxidation near the melt pool, and a control system equipped with sensors for automatic regulation.

On the other hand, MEX is a popular AM method that involves the layer-by-layer deposition

39



Figure 2.17: Meltio’s wire-laser 3D print system for LDM

of melted or extruded material to create three-dimensional objects [172]. This versatile technique,
exemplified by Fused Deposition Modeling (FDM) [173], utilizes a heated nozzle to extrude
the molten filament with precision, allowing for the construction of intricate designs. FDM, a
specific application of Material Extrusion, has become widely adopted for its simplicity, cost-
effectiveness, and ability to produce durable prototypes and functional components. It supports
various thermoplastic materials, making it suitable for diverse applications in rapid prototyping
and customized manufacturing. For a visual representation of the material extrusion process, refer
to Figure 2.18.

This work has focus on FDM and wire-based LMD (highlighted in the blue boxes in Figure
2.15), which are technologies actively utilized in research initiatives at our laboratory.
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Figure 2.18: Material Extrusion (MEX) [169]
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Chapter 3

Digital Thread for Additive
Manufacturing: Literature Review

This section delves into the foundational concepts of the DTh, providing a comprehensive un-
derstanding of their roles in fostering connectivity and traceability in the manufacturing ecosys-
tem. The exploration extends to the unique advantages brought forth by the DTh in the context of
AM processes, while also scrutinizing potential drawbacks that demand innovative solutions for
its seamless integration into the contemporary manufacturing landscape.

3.1 Product Lifecycle Management (PLM)

In the midst of the currents of continuous innovation, global collaboration, intricate risk man-
agement, and swift technological evolution, enterprises, regardless of size, find themselves com-
pelled to evolve [174]. Unlocking the intricacies of the product lifecycle emerges as a critical
compass for businesses, enabling them to adeptly steer through these challenges. Recognizing
the dynamic interplay within the lifecycle is not merely an insightful endeavor; it stands as a
strategic imperative, empowering enterprises to harmonize with the cadence of change and navi-
gate the complex landscape of modern industry.

Every product inherently follows a lifecycle—conceived, materialized, and ultimately dis-
posed—a succinct sequence of creation, manifestation, and closure. To gain a deeper understand-
ing of this intricate journey, one must navigate through distinct phases visualized in Figure 3.1 as
Beginning of Life (BOL), Middle-of-Life (MOL), and End-of-Life (EOL) [175]. The BOL phase
incorporates design and manufacturing, where intricate planning and iterative design processes
lead to the physical realization of the product within the enterprise’s confines. Transitioning
to the MOL phase, the product enters the hands of end-users and service providers, navigating
through distribution networks and undergoing use and support activities, including repair and
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Figure 3.1: PLM and and DTh through product life cycle. Adapted from [175].

maintenance. Finally, the EOL phase marks the product’s retirement, initiating reverse logistics
for recycling or disposal. Within these lifecycle phases, a data tapestry unfolds—seeds of valuable
insights awaiting transformation into actionable intelligence for enterprises.

Effectively traversing the intricate terrain of crafting complex products requires guarantee-
ing access to product and process information for diverse stakeholders within the value net-
work—partners, suppliers, and customers alike [174, 176]. Tackling this challenge often entails
embracing a strategic framework, such as the adoption of a PLM strategy. At the core of PLM
lies the sharing and management of information and knowledge throughout the product lifecycle.
Corallo et al. [174] define as “a strategic business approach that supports all the phases of product
lifecycle, from concept to disposal, providing a unique and timed product data source". Mean-
while, Terzi et al. [175] understand it as a business strategy centered on the product’s lifecycle,
bolstered by Information and Communication Technologies (ICT).

PLM involves sharing product data among stakeholders throughout various lifecycle phases to
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ensure optimal performance, collaborative decision-making and sustainability for the product and
associated services [175]. Moreover, it represent a unified language for comprehending products,
spanning all lifecycle phases from inception to retirement. Chiang et al. [177] have demonstrated
how the utilization of PLM frameworks, coupled with business models and strategies, furnishes
companies with invaluable reference models to support key activities within the value chain.

Figure 3.1 provides a visual depiction of the all-encompassing value chain that spans the
entirety of the product lifecycle, incorporating design, supply, and service chains. PLM operates
as a parallel framework to the supply chain, effortlessly sourcing data from every facet of the
product lifecycle. This data seamlessly integrates into a concurrent Digital Chain referred to as
the DTh, often viewed as the digital manifestation of PLM, adeptly capturing and harmonizing
information throughout the entire product lifecycle.

3.2 Digital Thread (DTh)

The inception of the DTh can be traced back to the United States Air Force, where it was
defined in the 2013 Global Horizons as a pivotal digital link between materials, design, process-
ing, and manufacturing [178]. Emphasized for its promissory potential, the DTh was recognized
as instrumental in ensuring agility and adaptability in the swift development and deployment of
weapon systems, while also minimizing risks. Concurrently, in the same year, NIST introduced
a parallel definition, describing the DTh as cross-domain, common digital surrogates aiding real-
time assessments and informed decisions across the product lifecycle stages [179].

In the context of model-based design (MBD), West and Pyster [178] offer a succinct defini-
tion of DTh. Essentially, it represents a framework merging conceptual models of the system, a
focal point in Model-Based Systems Engineering (MBSE), with discipline-specific engineering
models of various system elements. In this same context, DTh is characterized as a dataset that
enables integrating model-based definition, manufacturing, and inspection [180, 181]. Accord-
ing to Hedberg st al. [180], harnessing a range of data and engineering knowledge empowers
DTh to perform real-time analysis and dynamic evaluations of project cost, schedule, and perfor-
mance. This fosters real-time design, collaborative process-flow development, automated artifact
creation, and seamless full-process traceability among project participants in collaborative devel-
opment [182].

Kim et al. [183] define the DTh in the context of AM as the information and its path accu-
mulated and stored during the manufacturing of a single part. This encompassing digital record
allows for the comprehensive management and tracking of "what, how, where, who, when, and
why" throughout the entire AM process. Similarly, Mies et al. [184] define DTh as the seamless
capture and analysis of data throughout the product lifecycle to optimize efficiency and inno-
vation, notably reducing tooling costs and lead times. Likewise, additional investigations have
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highlighted the DTh’s capacity to delineate the cohesive data flow across every phase of naturally
digital processes like AM [185, 186].

NIST has been instrumental in advancing the development of the DTh from multiple angles.
Helu and Hedberg [187] describe a concept for a product lifecycle test bed built on a cyber-
physical infrastructure, enabling research and development in SM. Additionally, Hedberg et al.
[188] proposed a method using graphs to form digital threads, linking and tracing data throughout
the product lifecycle for improved interoperability in smart manufacturing, aiming to capture a
$30 billion annual opportunity.

The NIST SMS Test Bed’s vision for the DTh involves connecting data across the as-designed,
as-planned, as-executed, and as-inspected stages. This integration is achieved through the utiliza-
tion of open standards such as STEP AP242, G-code, MTConnect, and QIF, as illustrated in
Figure 3.2. Building on this, Kwon et al. [189] draw from this vision to enhance automated
methods for product quality assurance. In their work, Kwon et al. address the challenge of a lack
of unified information models from design to inspection. Their proposed solution involves fusing
as-designed data from STEP and as-inspected data from QIF into a standards-based digital thread
using ontology with knowledge graphs. The automated pipeline creates knowledge graphs for
STEP and QIF data, integrates them with a mapping implementation, and demonstrates through
rules and queries the potential for informed decision-making in product quality assurance.

Figure 3.2: The vision of DTh from the NIST SMS Test Bed [189].

Helu et al. [190] devised a four-tiered architecture to address challenges in developing the
digital thread. This design effectively manages manufacturing system data, providing segregated
access for internal and external clients. The architecture safeguards intellectual property, enables
the fusion of manufacturing and product lifecycle data, and has demonstrated practical value in
identifying performance improvement opportunities during implementation with a contract manu-
facturer. Moreover, Helu et al. [191] introduce a pioneering approach that integrates semantically-
rich, standards-based connections, linking planned (ISO 6983) to fabricated (MTConnect) prod-
uct data through dynamic time warping. This enrichment of the digital thread enables designers to
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Figure 3.3: Integration of engineering design within the product lifecycle using the DTh [192].

make optimal decisions within the broader product lifecycle, advancing data-driven applications
like digital twins.

Singh and Willcox [192, 193] formulated a principled approach to analyze decision-making
under uncertainty for the DTh, utilizing Bayesian statistics and decision theory. Their contribution
involves addressing uncertainty propagation in the product lifecycle, exploring design decisions
over multiple iterations, and providing an algorithm for optimizing decisions in a multistage con-
text, as demonstrated in a structural design problem. Figure 3.3 illustrates multiple the stages
across the product lifecycle feeding information into the DTh.

Gharbi et al. [194] introduced STAnDD, a multi-phase design approach for a commercial
aircraft, emphasizing Collaborative Engineering and PLM tools. The focus on the wing rib in the
initial phase incorporates automatic feature extraction for substantial time savings in the detailed
design process. Similarly, Siedlak et al. [195] propose an affordability-based design integrating
manufacturing considerations into traditional aircraft design metrics through a DTh approach,
demonstrated using a wingbox design problem for early-stage tradespace exploration. Eskue
[196] review a DTh for composite aerospace components, noting challenges in consistent con-
nection points and proposing an immediate roadmap for AI-driven insights and manufacturing
optimization.

3.3 Research on Digital Thread in AM

To explore the current state of research on the digital thread in AM, a systematic search was
conducted in the Scopus database using key terms related to additive manufacturing processes
("additive manufacturing", "3D printing", and "rapid prototyping") and commonly used terms for
the digital thread ("digital thread" and "digital chain"). This search yielded a corpus of 70 docu-
ments, forming the foundation for this review. The analysis spans publications from 2012, when

46



the concept of the digital thread was first introduced, to the present, highlighting the evolution of
this field within the context of AM.

Figure 3.4: Publications by year on Digital Thread in AM using the query TITLE-ABS-KEY
((“additive manufacturing” OR “3D printing” OR “rapid prototyping”) AND (“Digital Thread”
OR “Digital Chain”)).

Figure 3.4 shows the distribution of publications by year, showcasing a clear upward trend in
research activity. Notable peaks are observed in 2018 and 2023, with 11 and 12 publications, re-
spectively, reflecting growing academic and industrial interest in integrating DTh concepts within
AM processes. These peaks may align with the increasing adoption of Industry 4.0 technologies
and the emphasis on data-driven manufacturing paradigms.

Figure 3.4 shows the distribution of publications by year, revealing a clear upward trend in
research activity on the digital thread in additive manufacturing (AM). Notable peaks in 2018 and
2023, with 11 and 12 publications respectively, reflect growing academic and industrial interest
in integrating DTh concepts within AM processes. These surges in research output may correlate
with the increasing adoption of Industry 4.0 technologies and the heightened focus on data-driven
manufacturing paradigms. Complementing this analysis, 3.5(a) highlights the geographical distri-
bution of publications, with the United States leading the field, followed by France, while Brazil
ranks sixth with five contributions. This underscores the global relevance of DTh applications in
AM, with significant input from both developed and emerging economies. Furthermore, 3.5(b)
focuses on institutional contributions, showing a strong presence of French research organizations
but also highlighting the University of Brasília as a notable contributor from Brazil, with two pub-
lications on the topic. Both studies involved our laboratory, emphasizing our active engagement
in advancing this field.
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Figure 3.5: Additional statistics from the Scopus database regarding DTh in AM: (a) Documents
by country; (b) Documents by affiliation.

Nassar and Reutzel [197] outline AM processes in four succinct phases (blue boxes in Figure
3.6): part design, process planning, execution, and verification. This concise view opens the door
to diverse possibilities, revealing intricate details and introducing new activities for a compre-
hensive lifecycle. Kim et al. [183], for example, consider a total of eight phases (yellow boxes
in Figure 3.6), including part geometry/design, raw tessellated data, tessellated 3D model, build
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Figure 3.6: Overview of the AM Digital Thread. Adapted from [183, 186, 197]

file, machine data, part, finished part, and validated part. Meanwhile, Bonnard et al. [186], ex-
tend these eight phases by incorporating an additional step related to activities of delivery and the
end-of-life management of the part (yellow boxes in Figure 3.6).

Every phase within the AM process signifies a distinct stage in the part’s lifecycle, providing
opportunities for data retrieval. Leveraging this data can extract information and insights, leading
to cost and time reductions, improved part quality, process efficiency, and fostering innovation.
The process of capturing and analyzing data throughout the lifecycle of AM processes is referred
to as the Digital Thread of AM [184]. According to Kim et al. [183], DTh encompasses the
collection and storage of information throughout the manufacturing of an individual part, empha-
sizing interoperability across the supply chain, enhancing digital design and testing capabilities,
and reducing costs in various industries. It allows manage and trace information about “what,
how, where, who, when, and why" from the entire AM process [183].

The DTh of AM can be seen as a digital journey undertaken by data during the production
of a part through an AM process. Imagine this journey as a seamless ride-sharing experience,
reminiscent of a sophisticated app like Uber. In this analogy, the DTh assumes the role of a
master navigator, orchestrating the flow of information much like the app guides cars through
bustling city streets.

In this digital journey, the passengers being transported symbolize the data traveling through
the DTh, while file formats serve as the vehicles facilitating their journey. Beyond simple trans-
portation, the data undergoes dynamic changes and updates at each DTh phase, akin to stops in
a passenger’s journey, offering opportunities for activities or modifications orchestrated by soft-
ware tools and information systems. Just as a ride-sharing app provides real-time insights on road
conditions, weather, or driver availability, the DTh offers valuable feedback and optimizations
throughout the process, benefiting all participants involved. Picture this as not merely a digi-
tal pathway but a seamless information flow that provides opportunities for optimized resource
utilization, better traceability, minimized errors, and enhanced quality control.

Ideally, AM DTh could establish a unified platform for data exchange, where stakeholders
can efficiently share information, ensuring a consistent and accurate representation of the part’s
specifications and requirements. This opens up possibilities to enhance collaboration and com-
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munication across the supply chain. That interoperability level not only streamlines the design
and production processes but also facilitates quicker decision-making and problem-solving. Fur-
thermore, implementing the DTh in AM enable improved efficiency and reduced costs, while
real-time monitoring and analysis of data throughout the entire lifecycle enable better control
over the manufacturing process.

However, embracing the DTh in AM is not without its challenges. Ensuring data integration,
interoperability, and consistency throughout the interconnected phases of the process remains a
paramount concern. Standardizing data formats and protocols is crucial for effective collaboration
in the DTh for AM. However, this poses a significant challenge given the diverse range of tech-
nologies and software used in the AM landscape. Achieving seamless interoperability requires
addressing issues related to data compatibility, security concerns, and the integration of various
software systems throughout the AM process. Additionally, ensuring consistent data representa-
tion across different stages of the AM lifecycle and aligning diverse stakeholders on standardized
practices are essential challenges that need to be navigated for the successful implementation of
the DTh in AM.

In the context of Industry 4.0, the requirements transcend conventional manufacturing paradigms,
highlighting the essential necessity for interoperability and data integration spanning diverse dis-
ciplines and the entire product lifecycle [198]. This extends to fostering collaboration between
cyber-physical systems and human-centric elements [198]. As Industry 4.0 champions a SM
approach, efficient data management through the DTh becomes crucial. The DTh not only en-
sures seamless connectivity but also empowers applications like DTw, playing a pivotal role in
predictive analytics and process optimizations.

The limitations inherent in the AM DTh underscore the urgent need for transformative so-
lutions in line with the requirements of modern industry and the trajectory toward SM systems.
These challenges include the necessity to improve transparency across all DTh phases, eliminate
redundancy and information duplication while ensuring modularity and scalability. The achieve-
ment of interoperability and bidirectional data flow, particularly in multiprocess manufacturing
contexts, emerges as a critical requirement. Overcoming these hurdles is pivotal for seamless
interaction among various AM design, materials, and process systems.

Additionally, addressing challenges related to information isolation, redundant data formats,
and unidirectional flows is essential for unlocking the full potential of a unified, intelligent dig-
ital thread that facilitates closed-loop manufacturing and ensures robust traceability throughout
the product lifecycle. Kim et al. [199] underscored the importance of establishing baseline data
structures and part provenance through an AM DTh to enhance part producibility, process re-
peatability, and part-to-part reproducibility. Lipman and McFarlane [200] discuses model-based
engineering concepts through existing and emerging standards for part geometry and tolerances
contain information related to the AM process. A high-level DTH based on a hierarchical object-
oriented model for AM has been proposed by Bonnard et al. [201]. The evolution toward a
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high-level, neutral data model is imperative to transcend current limitations and propel AM’s
integration into cutting-edge, data-driven manufacturing paradigms.

Table 3.1 provides a summary of key proposals for implementing DTh in AM. It highlights
contributions from various studies, detailing their proposed lifecycle phases, data formats, whether
they are reviews or new proposals, and notable aspects of their approach. The table showcases
the diversity of DTh concepts in AM, emphasizing the importance of modularity, scalability, in-
teroperability, and traceability across all stages of the AM lifecycle.

3.3.1 Data models and file formats for DTh in AM

Qin et al. [73] conducted a comprehensive analysis and comparative study, qualitatively cat-
egorizing more than 20 file formats and data models for 2D and 3D representation in additive
manufacturing, inlcuding STL (Standard Tessellation Language), AMF (Additive Manufacturing
File), 3MF (3D Manufacturing Format), OBJ (Wavefront Object Format), CLI (Common Layer
Interface), and STEP (Standard for the Exchange of Product Data) to name a few. Their evaluation
considered crucial aspects, including coverage, accuracy, redundancy, reparability, interoperabil-
ity, verifiability, extensibility, compatibility, accessibility, and application. Kumar et al. [202]
also contributed to this review, providing a comprehensive examination of various 3D model rep-
resentation file formats and 2D slice formats used in AM systems, offering a comparison based
on multiple perspectives in their research. Below are descriptions of some of these formats.

3.3.1.1 STL format

The STL (Standard Tessellation Language) format, developed by 3D Systems in 1987 [203],
stands as a widely adopted file format for representing 3D model data in AM. It employs a
straightforward tessellation approach, covering a model’s surface with planar triangular facets,
and has become the de facto standard in the AM industry [73]. The STL format is renowned for
its simplicity, requiring standard surface triangulation algorithms, known for their simplicity, ac-
curacy, and robustness, to convert a 3D model into its STL format. This simplicity contributes to
its wide-ranging applications, allowing STL files to serve as representation, storage, and exchange
formats.

However, despite its widespread use, the STL format has notable drawbacks. The repre-
sentation includes redundant data, and there’s a trade-off between approximation accuracy and
conversion efficiency [204]. STL files lack the ability to represent color, materials, and texture,
and issues such as truncation errors, inconsistent normals, incorrect intersections, and facet de-
generacy can arise during the conversion process. In response to STL format limitations, efforts
from researchers involve refining the method or exploring potential replacements [205, 206].
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3.3.1.2 AMF format

The Additive Manufacturing File (AMF) format, established in 2009 as a revolutionary suc-
cessor to the STL format, marked a significant advancement in the representation of 3D model
data for AM [73]. Originally dubbed STL 2.0, it gained official recognition in 2013 as the AMF
format and received standardization under ISO/ASTM 52915 (2013) [207]. Subsequent revisions
in 2016 further solidified its standing. This standardized approach, endorsed by the International
Organization for Standardization (ISO) and ASTM International, positions AMF as a recognized
and regulated file format for AM processes. This standardization underscores its importance in
providing a consistent and reliable framework for representing intricate details, including geom-
etry, materials, color, and other attributes critical to modern AM applications. Hiller and Lipson
[208] highlight AMF format attributes such as simplicity, adaptability, continuous development,
user-friendly design, and an inclusive open-source approach that encourages active engagement
from the community. Nassar and Reutzel [197] propose this XML(Extensible Markup Language)-
based file format to record and transmit data throughout the AM DTh. Despite facing certain
challenges, such as issues with normals and slicing [209, 210], the AMF format remains a pivotal
advancement, setting a standardized trajectory for the representation of 3D model data in the field
of AM.

3.3.1.3 3MF format

The 3D Manufacturing Format (3MF) emerges as a pivotal player in AM, born out of Mi-
crosoft’s internal development and further refined by the collaborative efforts of the 3MF Con-
sortium [211] . Introduced to address STL interoperability challenges, this XML-based format
provides a comprehensive representation of 3D model data, including crucial details like ma-
terials, colors, and other specifications. Structured into the 3MF core and materials/properties
segments, it employs triangular meshes for geometry representation.

Unlike its predecessor, the AMF format, the 3MF format restricts the use of curved triangles,
aiming for a more compact and size-friendly file. Boasting advantages such as completeness,
human readability, simplicity, extensibility, unambiguousness, and free access, it seeks to stream-
line communication between CAD/CAM software and AM systems hardware [73, 211]. Despite
its promising features, the 3MF format grapples with challenges concerning widespread adoption
and approximation accuracy. While its incorporation into products by various AM-related com-
panies signals a positive trajectory, lingering doubts persist about the extent of its accessibility
and implementation within the user community.
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3.3.1.4 OBJ format

The OBJ format (.obj) serves as a versatile file format for exchanging 3D graphics among
diverse systems. Initially developed by Wavefront Technologies [212] and widely adopted due to
its open-source nature and simplicity, OBJ has found significance in AM for facilitating multi-
colored and multi-material manufacturing requirements. It currently stands as the second most
prevalent representation for 3D model data in the AM industry [73].

Offering the representation of geometry through tessellations with polygons, free-form curves,
or surfaces, OBJ supports both ASCII and binary encodings. While tessellations with polygons
involve a trade-off between approximation accuracy and file size, the use of free-form curves or
surfaces ensures faithful encoding of curved geometries without compromising data. The format
allows color and texture data storage in a separate material template library (MTL) file [213],
enabling the rendering of intricate, multicolored textured models. Despite its advantages, the
OBJ format is more complex than the STL format, posing challenges for repair and editing [73].
Additionally, managing paired MTL files with each OBJ file introduces potential complexities,
especially in scenarios with a large number of files.

3.3.2 CLI format

The Common Layer Interface (CLI) format is a dedicated file format designed for 2D slice
data representation in additive manufacturing (AM). Developed by the Commission of the Eu-
ropean Communities, it offers a simple, efficient, and machine-independent solution for layered
manufacturing systems. Each layer is defined by thickness, contours, and optional hatches, pro-
viding an unambiguous format for various fabrication machines. While the CLI format can serve
as a robust choice for presenting layer data in the slicing phase of the AM DTh, it falls short in
representing other crucial information from other phases of the AM DTh.

3.3.3 The need for a high-level data format to support the AM DTh.

Qin et al. [73] present a thorough examination of various data representation formats for AM,
extending beyond the formats previously mentioned. The array of formats includes X3D, JT,
RPI, STH, CLF, SIF, SPF, PLY, SAT, Non-manifold B-Rep, Feature Tree, CSG, Voxel, Trivariate
Spline, LEAF, SLC, CLI, HP-GL language, and MAMF. This review underscores the multitude
of formats within the AM domain, posing a challenge in determining the most suitable one to sup-
port the comprehensive digital thread of AM. Primarily designed to describe 3D or 2D geometry-
related data of a part, these formats occasionally incorporate additional information like textures,
color, material, and other attributes. Unfortunately, none of these formats provides a compre-
hensive data model covering all aspects of a part across the DTh. Persistent challenges such as
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information loss and ambiguity in data formats for AM hinder the development of an efficient
DTh implementation in AM processes.

In this context, Nassar and Reutzel [197] advocate for an AM DTh built upon the extended
AMF format, encompassing all data phases of AM processes. To achieve this, they propose four
additional file formats augmenting the existing AMF format:

• the Additive Manufacturing Slice File (AMSF), detailing slice information;

• the Additive Manufacturing Path File (AMPF) extension, incorporating data on path plan-
ning and process parameters;

• the Additive Manufacturing Qualification File (AMQF), designed for sensor data and as a
qualification record; and,

• the Additive Manufacturing Verification File (AMVF), employed in the final stages of the
verification and validation phase.

In pursuit of their vision, they advocate using the AMF format, capitalizing on its XML foun-
dation [197]. This choice provides advantages such as self-description, human-readability, sim-
plicity, and widespread use in online data exchange. Additionally, XML’s inherent extensibility
allows users to tailor tags to their specific needs, enhancing adaptability in their proposed digital
thread solution.

On the other hand, a NIST research work [183] discusses the challenges of closed or propri-
etary architectures in AM and proposes an open federate architecture approach to enhance man-
ufacturing flexibility and agility, which is presented in Figure 3.7. The open architecture allows
customization throughout production, supporting the use of new materials and process parame-
ters. The integration of interoperability mechanisms facilitates data exchange between different
AM domains. Figure 3.7 illustrates the AM parameters and a solution stack, emphasizing the
design-to-product transformation and various mechanisms/enablers for managing information.
Additionally, it introduces architecture functions for systems engineering principles in the digital
end-to-end implementation of AM processes.

The work further delves into leveraging the proposed architecture for AM opportunities. It
highlights the importance of identifying information requirements early in AM part development
for informed decision-making. Improved traceability and decision-making are emphasized, es-
pecially regarding geometry representation/design rationale. Communication enhancements be-
tween design and process stages are suggested to gain insights into process planning, support
structure requirements, and post-processing operations. The need for effective process control,
predictive modeling, and part qualification is discussed to advance AM capabilities systemati-
cally. The proposed closed-loop process control function aims to leverage systematic advances
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Figure 3.7: NIST’s federated information systems architecture for AM [183]

for performance assurance and part qualification, emphasizing the significance of understanding
the fundamental physics of process-structure-property relationships in AM [183].

Qin et al. [73] have extensively reviewed and highlighted the STEP format as an integrated
solution for representing AM data. Moreover, other authors have echoed the praise for the STEP
and STEP-NC format, recognizing it as an excellent means to support a seamlessly integrated
high-level DTh for AM [186, 214]. Pei et al.’s research findings indicated that STEP-NC and
AMF standards are at the forefront in incorporating the most esteemed features for data transfer,
while Xiao et al. [215] highlight STEP as a strong contender to replace other AM file formats
due to its support for GD&T management and standardization of product information, ensuring
compliance with PMI. The STEP format’s comprehensive capabilities position it as a promising
candidate for facilitating an interconnected and holistic representation of data throughout the AM
processes. Hence, it is essential to explore and elucidate the characteristics of the STEP format
and its existing utilization in AM. A comprehensive analysis of the intricacies and current status
of the STEP format holds the key to uncovering valuable perspectives on how it could contribute
to enhancing the integration and efficacy of AM processes. To facilitate this understanding, an
overview of the STEP and STEP-NC standards is provided in Chapter 5.
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Chapter 4

Digital Twins for Additive Manufacturing:
Literature Review

This section delves into the DTw concept, exploring their definitions, distinctive characteris-
tics, reference architectures in the manufacturing domain, and their specific application in AM
processes. This in-depth analysis will provide a comprehensive insight into how these DTw are
fundamentally transforming our understanding and approach to modern manufacturing, forging
innovative connections between the physical and digital worlds.

4.1 Digital Twins (DTw) concept

DTw stand as a cornerstone among the technological advancements within Industry 4.0, rep-
resenting an integral component of the CPS. Interestingly, its roots predate the advent of Industry
4.0, with Dr. Grieves introducing the concept in 2003 during his PLM course at the University of
Michigan [216]. His proposal lays the foundation for a groundbreaking DTw model that involves
the integration of physical products (real space), virtual products (virtual space), and intercon-
nected data, showcasing its visionary potential. A decade later, in 2012, NASA defined DTw as
an integrated, multi-physics, multi-scale simulation mirroring the life of an as-built vehicle or
system [45].

In the manufacturing context, Tao et al. view the DTw as the bridge between physical and
digital realms for smart manufacturing [217]. Meanwhile, ISO 23247 standard defines a man-
ufacturing DTw as a fit-for-purpose digital representation (digital entity) of an observable man-
ufacturing element (physical entity) that is synchronized with each other [137]. Subsequently,
a substantial number of definitions of the Digital Twin have been formulated depending on its
application domain or its relationship to similar terms such as DTh, Product Avatar, and real-time
simulation, as reported in [218].
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Tao et al. [36] have meticulously dissected the correlation and distinctions between CPS and
DTw, delving into facets like origin and development, physical-cyber/digital mapping, hierarchi-
cal model, and implementation functions. In this intricate comparison, CPS emerges as akin to
a scientific category, prominently featured in Industry 4.0, while DTw assumes the guise of an
engineering category. Despite their unique identities, both concepts converge on the overarching
theme of cyber-physical integration, sharing certain technologies to actualize this convergence.
They unite in their trajectory toward the realization of SM, marking a transformative journey
where science and engineering harmonize for innovative solutions.

Over the years, advancements in IoT, AI, Big Data analytics, and cloud computing have pro-
pelled the DTw concept to a more mature and compelling level. Presently, DTw technology has
emerged as a versatile solution, finding applications in diverse industries such as aerospace [219,
45], healthcare [46], agriculture [47], smart cities [48], and notably manufacturing [49, 37, 220].
Leading technological companies have played a pivotal role in advancing DTw offerings, with
examples including Dassault Systèmes’ "3DEXPERIENCE Twin" [41], Siemens’ "Teamcenter
X" [42], IBM’s "Watson IoT Platform" [43], and Microsoft’s "Azure Digital Twins" [44]. Within
manufacturing, DTw has proven instrumental in product design [221], smart shop floors [222],
machine tools [223], and predictive maintenance [224], to name a few.

4.1.1 Characterization of the DTw

Jones et al. [225] have conducted a comprehensive characterization of the DTw, meticulously
compiling a total of 12 distinctive features along with their corresponding descriptions, which
are detailed in Table 4.1. Barricelli et al. [218], on the other hand, have outlined key commu-
nication aspects as integral characteristics of the DTw. These encompass three primary types of
communication processes that necessitate thoughtful design:

• Communication between the physical and the virtual twin.

• Communication between the digital twin and other digital twins in the surrounding envi-
ronment.

• Communication between the digital twin and domain experts who interact and operate on
the digital twin through user-friendly and accessible interfaces.

Kritzinger et al. [220] introduce a classification system for DTw based on the extent of data
integration between physical and digital counterparts. Within this framework, three distinct sub-
categories emerge:

• Digital Model (On the left of Figure 4.1): Describing an existing or planned physical ob-
ject, the Digital Model lacks automated data exchange. It encompasses comprehensive
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Table 4.1: Characteristics of the DTw and their descriptions.

Characteristic Description
Physical Entity/Twin The physical entity/twin that exists in the

physical environment
Virtual Entity/Twin The virtual entity/twin that exists in the virtual

environment
Physical Environment The environment within which the physical

entity/twin exists
Virtual Environment The environment within which the virtual en-

tity/twin exists
State The measured values for all parameters cor-

responding to the physical/virtual entity/twin
and its environment

Metrology The act of measuring the state of the physi-
cal/virtual entity/twin

Realisation The act of changing the state of the physi-
cal/virtual entity/twin

Twinning The act of synchronising the states of the
physical and virtual entity/twin

Twinning Rate The rate at which twinning occurs
Physical-to-Virtual Connection/Twinning The data connections/process of measuring

the state of the physical entity/twin/environ-
ment and realising that state in the virtual en-
tity/twin/environment

Virtual-to-Physical Connection/Twinning The data connections/process of measuring
the state of the virtual entity/twin/environment
and realising that state in the physical enti-
ty/twin/environment

Physical Processes The processes within which the physical enti-
ty/twin is engaged, and/or the processes acting
with or upon the physical entity/twin

Virtual Processes The processes within which the virtual enti-
ty/twin is engaged, and/or the processes acting
with or upon the virtual entity/twin

representations, such as simulation models for future factories or mathematical models for
new products. However, data exchange is entirely manual, with no direct impact between
changes in the physical and digital states.
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• Digital Shadow (On the middle of Figure 4.1): Expanding on the Digital Model, the Digital
Shadow involves automated, one-way data flow from the state of an existing physical object
to a digital counterpart. Alterations in the physical object trigger corresponding changes in
the digital representation, but the reverse relationship is absent.

• Digital Twin (On the right of Figure 4.1): The DTw achieves full bidirectional data integra-
tion between an existing physical object and its digital counterpart. Serving as a controlling
instance for the physical object, the digital representation responds directly to changes in
the physical state, and vice versa. Furthermore, external objects, whether physical or digi-
tal, can induce changes in the digital object’s state.

Figure 4.1: Characterization of DTw according to its data integration level [220]

Characterization of DTw lays the foundation for understanding its diverse applications and
functionalities. However, seeking standardized frameworks can guide the effective implementa-
tion and utilization of DTw across various domains. Therefore, reference models and architectures
of DTw are explored in this sequence.

Although the DTw is closely related to the DTh, they represent distinct concepts within the
context of modern manufacturing. The DTh focuses on the seamless flow of contextualized data
across the entire lifecycle of a product, whereas the DTw serves as a dynamic virtual representa-
tion of physical assets or processes, enabling simulation, monitoring, and optimization. Table 4.2
highlights the key differences between these two concepts in terms of origin, definition, concept,
and technology.

4.1.2 Reference models of DTw for manufacturing

Due to the pressing need to describe how the interaction between physical assets and their
digital counterparts should proceed within the complex dynamic environment of Industry 4.0,
several efforts have been made to consolidate a reference model and implementation architecture
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Table 4.2: Comparison of Digital Thread and Digital Twin

Digital Thread Digital Twin
Origin 2013 - Global Horizons, U.S. Air

Force
2003 - Dr. Grieves, PLM course at
the University of Michigan.

Definition “Digital Thread a digital linkage be-
tween materials, design, processing,
and manufacturing that provides the
agility and tailorability needed for
rapid weapon system development
and deployment” - U.S. Air Force,
2013. “... is an integrated infor-
mation flow that connects all the
phases of the product lifecycle” -
NIST, 2018

“Digital Twin is an integrated multi-
physics, multi-scale, probabilistic
simulation of an as-built vehicle
or system that uses the best avail-
able physics models, sensor up-
dates, fleet history, etc., to mirror
the life of the corresponding flying
twin” - NASA, 2012

Akin to Product/process lifecycle digitiza-
tion

Specific asset/system digitization

Related techno-
logical concepts

PLM, MBSE, OOM, SOM, Digital
Twins

Cyber-Physical Systems, IoT, Sim-
ulation, Surrogate Models

of DTw in industrial production systems. The purpose of a DTw reference model is to guide man-
ufacturers and practitioners on arranging and preparing the technologies, procedures, standards,
and best practices that can be used to implement Digital Twins in manufacturing applications.

4.1.2.1 Three-dimensional model

The three-part Digital Twin model, as introduced by Grieves [216], is depicted in Fig. 4.2
(a). This model comprises a physical product existing in real space and its synchronized vir-
tual representation, interconnected through a bidirectional communication channel. Similarly, Lu
et al. [37] have proposed a three-component Digital Twin model tailored for the realization of
smart manufacturing (refer to Fig. 4.2 (b)): the first component is an information model mapping
physical assets and creating abstractions; the second involves a data processing module generat-
ing representations of physical assets based on extracted information and knowledge; and lastly,
a two-way communication mechanism facilitating interaction between the physical and digital
spaces.
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Physical assets
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Figure 4.2: Three-dimensional reference models of Digital Twin: a) adapted from [216]; b)
adapted from [37].

4.1.2.2 Five-dimensional model

Tao et al. [222] introduced a comprehensive DTw model grounded in five dimensions: physi-
cal part, virtual part, services, data, and connections. Their emphasis on the equal importance of
each dimension underscores a holistic approach to crafting impactful DTw. The inception of the
physical part catalyzes the creation of its virtual counterpart, unlocking a realm of possibilities
for simulation, decision-making, and control services. This interconnected ecosystem thrives on
the wealth of knowledge derived from data transmitted through the intricate connection mecha-
nism. As the digital and physical seamlessly converge in this model, it not only reflects innovation
but also paves the way for a future where DTw redefine the landscape of SM with unparalleled
effectiveness.

4.1.2.3 Digital twin framework for machining

STEP Tools, Inc. [54] developed an interoperable DTw framework for machining, showcased
in demonstration meetings in 2016 with active participation from Boeing, OMAC, and the ISO
TC184/SC4 committee. This groundbreaking framework (see Figure 4.3) facilitates closed-loop
machining by integrating real-time inspection data, adhering to DTh standards such as STEP-
NC, MTConnect, and QIF. Leveraging the STEP-neutral file format, STEP AP242 and STEP-
NC AP238 are employed to encapsulate data related to design, process planning, and inspection.
MTConnect contributes by making machine status data accessible over the Internet through REST
API, catering to consumption by web clients. Furthermore, QIF serves as the communication
channel for relaying inspection results back to the design domain.
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Figure 4.3: Digital Twin framework for machining proposed by STEP Tools, Inc. [54].

4.1.2.4 Other related proposals

Several notable contributions have been made to the field of manufacturing DTw models. A
notable study by Alam and El Saddik [226] introduces an architecture reference model of DTw for
cloud-based CPS, termed C2PS. This model incorporates a smart interaction controller grounded
in a fusion of fuzzy rules and Bayesian networks. On the other hand, Aheleroff et al. [227] pro-
pose an architecture reference model for DTw as a Service (DTaaS) within the context of Industry
4.0. They have successfully implemented this reference model in an industrial case, demonstrat-
ing its potential benefits in scheduled maintenance, real-time monitoring, remote control, predic-
tive functionalities, and mass individualization. Further insights into DTw models are explored
in related proposals, as documented in references [228, 229, 230]. These diverse approaches
contribute to the evolving landscape of DTw frameworks in manufacturing, each offering unique
perspectives and applications.

4.1.2.5 The ISO 23247 DTw framework for manufacturing

The reference models and architectural frameworks mentioned above are the result of the
efforts of the international research community and have paved the way for the development and
standardization of a new DTw framework for manufacturing.

The ISO 23247 standard [137], introduced in 2021, represents a significant milestone in the
standardization efforts of the ISO committee TC 184/SC 4. The primary aim of this standard
is to provide a comprehensive DTw architecture framework tailored for industrial manufacturing
applications within the context of Industry 4.0. It offers invaluable guidance on constructing DTw
for manufacturing, emphasizing interoperability among systems and the seamless integration of
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data from diverse sources. The standard comprises four integral parts outlined below. These parts
offer guidance on analyzing modeling requirements, setting scope and objectives, using common
terminology, specifying a generic reference architecture for instantiating a DTs, and supporting
information modeling and synchronization between the DTw and physical system [231].

• Part 1 - Overview and general principles [137]: provides an overview of the general princi-
ples of DTw, as well as definitions, requirements, and development guidance.

• Part 2 - Reference architecture [232]: provides an architecture reference model for a man-
ufacturing DTw framework.

• Part 3 - Digital representation of manufacturing elements [233]: helps to identify the phys-
ical elements that need to be mapped to the digital model.

• Part 4 - Information exchange [234]: establishes the requirements for proper synchroniza-
tion and exchange of data throughout the DTw framework.

• Part 5 (Currently in draft version under development) - Digital thread for digital twin [235]:
describes how the Digital Thread facilitates the creation, connectivity, management, and
maintenance of manufacturing Digital Twins throughout the product lifecycle by outlining
principles, demonstrating methodologies, and providing case studies.

Figure 4.4 illustrates the Digital Twin framework derived from ISO 23247 Part 2 [232], delin-
eated into four distinct domains.

The first layer pertains to the Observable Manufacturing Elements (OMEs) domain, encom-
passing devices, sensors, machines, materials, products, processes, and facilities requiring moni-
toring and control.

The second layer encapsulates the Data Collection and Device Control Entities (DCDCE),
entrusted with overseeing sensor data and managing actuated devices within the OME domain.
Additionally, this domain facilitates synchronization between OME entities and Digital Twin en-
tities.

The DTw domain (third layer) comprises diverse system entities providing access to manu-
facturing services like simulation, provisioning, management, monitoring, analysis, and optimiza-
tion. This domain serves as the nucleus of the DTw framework for manufacturing, emphasizing
the interaction and integration capabilities of DTw entities for system interoperability.

Lastly, the fourth layer corresponds to the DTw user domain, housing entities seeking to lever-
age DTw services. These entities could range from individuals and companies to other systems.

Furthermore, a cross-system entity may span across domains, delivering essential functionali-
ties such as information exchange, data assurance, and security support. This strategic placement
ensures seamless collaboration and interoperability across the entire DTw framework.
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Figure 4.4: DTw framework for manufacturing from ISO 23247 Part 2 [232].

4.1.2.6 Research on ISO 23247 framework

The ISO 23247 framework is starting to gain attention within the research community, mark-
ing a shift from its initially underexplored status. Notably, the NIST has leveraged this frame-
work as a template for implementing DTw in its SMS Testbed project, unveiling three distinct use
cases: machine status and condition monitoring, production scheduling and routing, and virtual
commissioning [236].

Kim et al. [237] introduce a comprehensive DTw implementation for Wire + Arc Additive
Manufacturing (WAAM) using ISO 23247. This framework tackles integration and interoperabil-
ity challenges, empowering manufacturers for real-time decision-making and control. The work
illustrates an application scenario with machine learning-based anomaly detection in WAAM
within this architecture.

Cabral et al. [238] present an implementation of DTw based on the ISO 23247 framework,
where the focus is on real-time monitoring and 3D simulation in a CNC Haas MiniMill. Lever-
aging MQTT and MTConnect protocols, the system efficiently transfers machining process and
machine status data to enable both on-the-edge monitoring through NodeRed and cloud-based
3D simulation using React js, Three js, and IBM Watson. This integrated solution highlights the
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feasibility of applying this approach to diverse machines and manufacturing scenarios.

The study carried out by Wallner et al. [239] explores the implementation of DTw in flexible
manufacturing cells, leveraging ISO standards, including ISO 21597, ITU-T Y.3090, and ISO
23247. The goal is to enhance the efficiency of DTw application setup and maintenance by
identifying key features, parameters, and assets. The focus encompasses manufacturing elements
such as machine tools, robots, and peripheral devices, alongside information systems like CAM,
PLM, and MES. To streamline lifecycle changes, the paper proposes linking to a lifecycle meta-
layer, simplifying design, deployment, and updates of DTw applications, ultimately reducing
maintenance efforts.

Recently, Shtofenmakher et al. [240] adapted the ISO 23247 standard from manufacturing
to the aerospace sector. The focus on collision avoidance in low Earth orbit (LEO) demonstrates
the feasibility of applying existing DTw standards to aerospace challenges, providing a standard-
ized framework for this crucial process. The study extends its scope to space-based detection
of sub-10-cm-class orbital debris, highlighting the framework’s versatility for diverse aerospace
applications.

Ongoing efforts to refine the ISO 23247 framework face challenges in consistent implemen-
tation, emphasizing the need for standardized practices to elevate DTw into valuable tools for
optimizing production processes and operations [231, 241].

4.2 Research on DTw in AM processes

To investigate the current state of research on DTw technology in AM, a systematic search
was performed using the Scopus database. Using key terms such as "additive manufacturing,"
"3D printing," and "rapid prototyping," combined with "digital twin," a significant corpus of
568 documents was identified. This reflects a remarkable interest in the application of DTw
technologies to AM processes, underscoring their potential to transform manufacturing paradigms
in line with Industry 4.0 principles.

The annual trend in research publications, as shown in Figure 4.5, reveals an exponential
growth starting from 2016. By 2024, the number of publications reached 182, representing a
fourfold increase compared to 2020. This rapid expansion shows the rising global recognition
of DTw as a cornerstone technology in AM. The ability of DTw to enable real-time process
monitoring, predictive maintenance, and seamless integration across manufacturing workflows
has fueled this surge. The notable spike in recent years aligns with the increasing adoption of data-
driven and digital-first approaches within the advanced manufacturing sectors, further solidifying
DTw as a critical enabler of smarter AM systems.

A geographical analysis, depicted in Figure 4.6(a), reveals that the United States leads this
research domain with 137 publications, nearly double that of Germany, which ranks second. This
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Figure 4.5: Publications by year on Digital Twin in AM using the query TITLE-ABS-KEY ((“ad-
ditive manufacturing” OR “3D printing” OR “rapid prototyping”) AND (“Digital Twin”)).

dominance highlights the strong emphasis placed by U.S. institutions and industries on advancing
DTw applications in AM. Germany’s significant contribution reflects its ongoing commitment to
Industry 4.0, where DTw plays a pivotal role in streamlining manufacturing advancements. The
global distribution of research reinforces the universal relevance of DTw technologies, showing
how both advanced and emerging economies are leveraging them to address key challenges in
AM processes.

When examining contributions at the institutional level, as shown in Figure 4.6(b), the NIST
stands out as the most prolific organization. NIST’s role underscores the importance of pub-
lic research institutions in establishing foundational methodologies and standards for DTw ap-
plications. Siemens AG, positioned as the sixth-leading contributor, represents the significant
involvement of the industrial sector. Siemens’ contributions not only demonstrate the practical
applications of DTw technologies but also highlight the industry’s role in driving innovation and
bridging the gap between research and real-world implementation. This blend of academic, gov-
ernmental, and industrial efforts signals the collaborative nature of DTw research, essential for
addressing the complex challenges of AM.

The development DTw in AM have become a focal point of contemporary research. Professor
Debroy’s team has pioneered the development of this subject by conducting a series of research
studies aimed at reducing or replacing the time-consuming and expensive trial-and-error experi-
ments commonly used to predict the process parameters that affect the structure and mechanical
properties of printed metal parts [242, 243]. On the basis of these studies, Mukherjee et al.

67



Figure 4.6: Publications by year on Digital Twin in AM using the query TITLE-ABS-KEY ((“ad-
ditive manufacturing” OR “3D printing” OR “rapid prototyping”) AND (“Digital Twin”)).

[244] applied and tested the building blocks of the DTw proposed in previous work to efficiently
estimate cooling rates, solidification parameters, secondary dendrite arm spacing, velocity distri-
butions, and micro-hardness in powder bed fusion and direct energy deposition processes. They
argue that the components of a DTw for AM should include mechanistic and statistical models,
machine learning, Big Data analytics, and sensing and control [244, 71].

After conducting a thorough literature review, examining review papers such as those by
Zhang et al. [245], Bartsch et al. [246], and Gunasegaram et al. [247], it becomes evident that
previous research in the realm of DTw for AM has predominantly concentrated on predictive anal-
ysis [242, 243, 244], in-process monitoring [248, 70, 249], process control [250, 251, 237], and
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parameter optimization [249, 252, 253]. Recently, Shen and Li [254] have presented a compre-
hensive analysis of DT applications in AM based on a literature review, identifying advancements,
discussing cross-domain applications, and proposing directions for improvement and future re-
search.

Cai et al. [255] presented a methodology based on an augmented reality-enabled DTw ap-
proach for toolpath planning and simulation using multiple manipulator robots in an FDM pro-
cess. They focused on the communication and synchronization of the robotic arm system with
its corresponding DTw. On the other hand, the concept of virtual part inspection for additive
manufacturing is proposed by Krückemeier and Anderl [256], who have used a DTw approach
to predict as-built part properties based on data recovered from the product development and
manufacturing process.

Mandolla et al. [257] developed a DTw of metal additive manufacturing to securely manage,
organize and track product-related data throughout the supply chain in the aircraft industry based
on Blockchain technology. Similarly, Guo et al. [258] combined DTw and Blockchain technolo-
gies with additive manufacturing processes within a framework for customized and personalized
production in the context of Industry 4.0.

Guo et al. [259] propose a cloud-edge collaboration architecture for 3D printers in cloud
manufacturing. Using DTw technology, they address challenges such as network pressure and
latency. The system features time-sensitive services at the edge, ensuring reliable local extension
of cloud services. Real-time control and monitoring for FDM process are achieved through a de-
fined DTw information model. The study provides an effective solution, demonstrated through an
implemented application case, offering insights for cloudifying various manufacturing equipment
in cloud manufacturing environments.

Osho et al. [260] proposed a conceptual framework for creating a general-purpose, modular
DTw consisting of four phases (4Rs): Representation, Replication, Reality, and Relational. They
emphasized the implementation of the representation phase with a use case where they carried
out experiments of monitoring extruder temperature and machine axes positions under variant
conditions using an FDM 3D printer. Meanwhile, Yu and Xu [261] introduced a DTw framework
to realize augmented reality-assisted cloud additive manufacturing that allows multi-stakeholders
to work and cooperate in customizing complex products.

As previously mentioned in Section 4.1.2.6, Kim et al. [237] introduce a comprehensive
implementation of DTw for Wire + Arc AM using ISO 23247. This framework addresses inte-
gration and interoperability challenges, empowering manufacturers for real-time decision-making
and control. The work illustrates an application scenario with machine learning-based anomaly
detection in WAAM within this architecture.

Moreover, Liu et al. [262] proposed a DTw-enabled collaborative data management approach
for metal additive manufacturing systems based on a cloud DTw that communicates with dis-
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tributed edge Digital Twins in different product lifecycle stages. The authors carried out a use
case for layer defect analysis through a deep learning model within the Manuela project platform.
They concluded that the proposed approach showed great potential in reducing development times
and costs, and improving product quality and production efficiency.

Tariq et al. [263] offer insights into the future prospects of integrating a spectrum of advanced
technologies, including automation, AI, IoT, additive and subtractive manufacturing, hybrid man-
ufacturing, and real-time feedback through sensors and DTw, aiming to optimize and streamline
manufacturing operations in a digital factory.

Jyeniskhan et al. [264] propose an integrated DTw system for AM that utilizes machine learn-
ing models, achieving a remarkable 92% Average Precision for defect detection. The system,
incorporating Unity, OctoPrint, and Raspberry Pi, ensures real-time control and monitoring of
the AM process. With a user-friendly Unity client interface, the framework demonstrates high
efficiency in defect detection (91% for defected objects and 94% for non-defected). The study
contributes significantly to enhancing AM quality and reliability through advanced DTw technol-
ogy.

Castelló et al. [265] tackle challenges in simulating material extrusion for large-format AM.
They propose a DTw for pellet extrusion, emphasizing its role in preventing part distortion due
to warpage and residual stresses. The study’s application to large-format AM pellet extrusion
demonstrates effective predictions of elastic properties, despite limitations in accuracy in the plas-
tic region. The research contributes insights into advanced material modeling for composite parts
in AM, showcasing its applicability to real-world applications, such as the manufacturing of a
wind turbine blade mold.

Phua et al. [266] introduce a groundbreaking framework for enhancing the layering process in
metal AM. The proposed Smart Recoating approach leverages Bayesian optimization and digital
methodologies to dynamically control powder spreading in a PBF process based on a DTw. Their
innovative DTw control system, demonstrated within a comprehensive simulation framework,
showcases its potential to mitigate process variation and ensure consistent print quality across
layers in metal AM processes.

Rachmawati et al. [267] present an innovative approach for early failure detection in FDM 3D
printers, addressing material waste concerns. Their DTw-based solution integrates AI technology,
utilizing a Lightweight Convolutional Neural Network for sensor data-driven fault diagnosis. The
proposed DTw technology enhances fault detection by creating a virtual representation of the
physical object. Simulation results demonstrate the effectiveness of the solution achieving an F1-
Score of 0.9981 and establishing a foundation for intelligent and autonomous factories through
virtual condition monitoring of 3D printer abnormalities.

Reisch et al. [268] introduce a solution for achieving first-time-right printing in Wire Arc
AM through a smart manufacturing system. This system leverages a DTw to predict the welding
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torch’s future position, analyze its spatial context, and adapt process parameters to compensate for
previously created defects. The proposed approach ensures fault-tolerant manufacturing, aiming
for a first-time-right process and minimizing production scrap due to insufficient part quality.

Chen et al. [269] propose a multisensor fusion-based DTw for in-situ quality monitoring and
defect correction in a robotic laser-directed energy deposition process. The system integrates
multiple sensors, synchronizing features within the part’s 3D volume to predict location-specific
quality. This allows on-the-fly identification of regions requiring material addition or removal,
enabling defect correction through robot toolpaths and auto-tuned process parameters. Multi-
sensor fusion enhances understanding of process physics, facilitating self-adaptation in AM for
increased efficiency and cleaner production.

Putra et al. [270] present a novel federated learning-enabled DTw architecture for smart ad-
ditive manufacturing. Overcoming centralization issues, their model efficiently updates fault de-
tection through distributed learning, showcasing an 8% accuracy boost. The proposal includes
a CNN-based model for effective sensory data learning and a robust DTw platform for seamless
monitoring and control. Experimental results affirm low overall latency (1026.16 ms) from the
physical 3D printer to the DTw platform, highlighting its potential for enhancing fault detection
in smart additive manufacturing.

Sampedro et al. [271] introduce an advanced DTw system, leveraging the powerful 3D-
AmplifAI algorithm for real-time fault monitoring in AM 3D printers. This innovative approach,
operating in both the physical and virtual realms, ensures continuous monitoring of temperature
values to detect and prevent potential printer damage. The ensemble 3D-AmplifAI algorithm,
combining multiple machine learning models, outperforms state-of-the-art methods in accuracy,
precision, recall, and F1-score. This system offers a streamlined solution to resource-intensive
testing challenges and enhances the reliability of 3D printing processes.

The integration of DTw in AM not only facilitate real-time monitoring and control of pro-
cesses but also promote early defect detection, enabling precise adjustments and optimizations.
Their ability to bridge the virtual and physical worlds opens new frontiers in improving quality,
operational efficiency, and sustainability in AM in the context of Industry 4.0.

Table 4.3 provides a synthesis of the analyzed references, highlighting the purpose of each
study, the related technologies employed, and whether full integration with the DTh is achieved.
This summary emphasizes the diverse applications of DTw in AM, showcasing the breadth of
technological innovations and their varying levels of alignment with the principles of a fully
interconnected manufacturing lifecycle.
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Table 4.3: Overview of DTw applications in AM

Reference Purpose of DTw Usage Related Technologies Full in-
tegration
with DTh

[255] Toolpath planning and simula-
tion for FDM robotic arms

Augmented Reality, Robotic
Systems

Partial

[256] Virtual part inspection to predict
as-built properties

Data analysis from development
and manufacturing stages

Partial

[257] Managing product data across
supply chains in aircraft indus-
try

Blockchain Technology Partial

[258] Framework for customized pro-
duction with AM

Blockchain Technology, AM-
specific frameworks

Partial

[259] Cloud-edge collaboration for
3D printers

Cloud Manufacturing, Edge
Computing

Partial

[260] Modular DTw framework for
FDM monitoring

FDM 3D Printing, Modular Ar-
chitecture

No

[261] Augmented reality-assisted
cloud AM for customization

Augmented Reality, Cloud
Computing

Partial

[237] DTw for Wire + Arc AM, real-
time decision-making

ISO 23247, Machine Learning Partial

[262] Collaborative data management
with layer defect analysis

Cloud Computing, Deep Learn-
ing

Partial

[263] Integration of advanced tech-
nologies for smart factories

AI, IoT, Hybrid Manufacturing Partial

[265] Simulating material extrusion
for large-format AM

Material Extrusion, Residual
Stress Modeling

No

[266] Dynamic powder spreading
control in PBF

Bayesian Optimization, PBF
Process

Partial

[268] First-time-right printing in
WAAM

Smart Manufacturing Systems,
WAAM

Partial

[269] In-situ quality monitoring in
laser deposition

Multisensor Fusion, Robot
Toolpaths

Partial
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Chapter 5

STEP-NC as a Method for Integrating
Contextualized Data in a Digital AM
Ecosystem

5.0.1 Overview of the STEP and STEP-NC standards

In the late 1980s, a global initiative led to the establishment of ISO 10303 [272], known as
STEP (STandard for the Exchange of Product model data), aimed at creating a universal language
for representing product information throughout its lifecycle [273]. STEP’s system-agnostic de-
sign allows for seamless information exchange between diverse computational environments, fa-
cilitating collaborative sharing among multiple users. Its ongoing vision is to promote standard-
ized product data exchange across the entire CAx chain for widespread industry adoption [274].

The STEP standards series is structured into separate documents called “Parts", each pub-
lished independently [272]. These Parts belong to distinct categories such as Description Meth-
ods, Implementation Methods, Application Protocols, Integrated Resources, Application Inter-
preted Constructs, Application Modules, Application Domain Models, Core Models, Confor-
mance Testing Methodology and Framework, and Abstract Test Suites. Moreover, these cate-
gories can be further classified into environment, integrated data models, and top-level Parts.
Each Part is designated a numerical identifier, ensuring Parts of the same type fall within a spe-
cific number range. With approximately 700 Parts, the STEP standard firmly establishes itself as
a prominent technology within the ISO standard. Table 5.1 provides a breakdown of its organiza-
tional structure.
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Table 5.1: Organization of Parts within the STEP standards series

Sections Categories Part number

Infrastructure

Overview and fundamental princi-
ples

Part 1

Description methods Parts 1X
Implementation Methods Parts 2X
Conformance testing methodology
and framework

Parts 3X

Integrated information models

Integrated resources Parts 4X, 5X and 1xx
Application interpreted constructs Parts 5XX
Application modules Parts 4XX and 1XXX
Core models Parts 4XXX
Application domain models Parts 4XXX

Top-level Parts
Application protocols Parts 2XX
Abstract test suites Parts 3XX

5.0.1.1 Description method EXPRESS

To shed light on some key Parts of STEP, Part 11 (ISO 10303-11) [275], describes the EX-
PRESS language, a precise and concise Description Method designed specifically for defining
data models within the STEP standard. Adopting an object-oriented modeling paradigm remi-
niscent of programming languages such as C++ or Java, EXPRESS streamlines the creation of
logical data models through entities that represent pertinent data objects. These entities are de-
fined by their attributes, each with a specific domain encompassing either simple data types or
other entity types. Furthermore, EXPRESS elucidates the intricate relationships between entities,
spanning inheritance, composition, or aggregation. However, it’s essential to note that EXPRESS
itself is not an executable programming language; rather, it functions as a descriptive tool har-
nessing object-oriented principles to craft comprehensive data schemas capable of encapsulating
diverse product information. An example EXPRESS schema is described in the code below:

SCHEMA example ;

TYPE d a t e = ARRAY [ 1 : 3 ] OF INTEGER ;
END_TYPE ;

TYPE h a i r T y p e = ENUMERATION OF ( blonde , brown , b lack , red , w h i t e ) ;
END_TYPE ;

ENTITY p e r s o n
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ABSTRACT SUPERTYPE OF (ONEOF( female , male ) ) ;
f i r s t N a m e : STRING ;
las tName : STRING ;
nickname : OPTIONAL STRING ;
b i r t h D a t e : d a t e ;
c h i l d r e n : SET [ 0 : ? ] OF p e r s o n ;
h a i r : h a i r T y p e ;
DERIVE

age : INTEGER := y e a r s ( b i r t h D a t e ) ;
INVERSE

p a r e n t s : SET [ 0 : 2 ] OF p e r s o n FOR c h i l d r e n ;
END_ENTITY ;

ENTITY f em a l e SUBTYPE OF ( p e r s o n ) ;
INVERSE

husband : SET [ 0 : 1 ] OF male FOR wi fe ;
END_ENTITY ;

ENTITY male SUBTYPE OF ( p e r s o n ) ;
w i f e : OPTIONAL f em a l e ;

END_ENTITY ;

FUNCTION y e a r s ( p a s t : d a t e ) : INTEGER ;
(* Th i s f u n c t i o n c a l c u l a t e s t h e number o f y e a r s

between t h e p a s t d a t e and t h e c u r r e n t d a t e * )
END_FUNCTION ;

END_SCHEMA;

Additionally, EXPRESS-G (also included in ISO 10303-11 [275]) provides a graphical rep-
resentation of EXPRESS schemas, providing visual clarity and aiding in understanding complex
data structures. The graphical representation in EXPRESS-G of the schema above illustrates Fig-
ures 5.1, with attributes like name and date of birth, can have children and be part of relationships
like marriage.

5.0.1.2 Implementation methods

ISO 10303 provides three Implementation Methods for representing and storing STEP en-
tity instances in either physical files or databases. Part 21 (ISO 10303-21 [276]) and Part 28
(ISO 10303-28 [277]) enable the recording of entity instances in physical files using clear text
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Figure 5.1: Example EXPRESS-G diagram [274]

encoding and XML (Extensible Markup Language)-based format, respectively. Meanwhile, Part
22 (ISO 10303-22 [278]), known as SDAI (STEP Data Access Interface), provides a language-
independent API (Application Programming Interface) for handling STEP data to store them in
databases. Part 28 facilitates the transfer of STEP data via XML on the web, while SDAI empow-
ers the implementation of EXPRESS models into virtually any programming language. Notably,
specific standards based on SDAI API have been established for various programming languages,
such as the C++ language binding in Part 23 (ISO 10303-23 [279]), the C language binding in Part
24 (ISO 10303-24 [280]), and the Java programming language binding in Part 27 (ISO 10303-27
[281]).

5.0.1.3 Part 21 - Clear text encoding of exchange structure

Part 21, known as “clear text encoding of exchange structure", stands out as the most widely
used implementation method. This method entails the use of a sequential text file, often referred
to as “Part 21 file", consisting of a header section and up to four optional sections: anchor, ref-
erence, data, and signature sections. The header section contains essential information such as
file description, name, and schema, marked by the tokens “HEADER;" and “ENDSEC;". The
anchor section, if included, defines external names for instances, marked by “ANCHOR;" and
“ENDSEC;" The reference section, also optional, associates occurrence names with resources,
denoted by “REFERENCE;" and “ENDSEC;" tokens. The data sections contain entity instances
governed by the schema in the header, following a strict syntax that begins with “DATA;" and
ends with “ENDSEC;". Each entity is identified by a unique ID, followed by its instance name
and attribute values. Lastly, signature sections may be included to indicate verified content, start-
ing with “SIGNATURE;" and concluding with “ENDSEC;". An example Part 21 file is presented
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in Figure 5.2.

Figure 5.2: Part 21 file example
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5.0.1.4 Application Protocols (APs)

In tandem with Description Methods like EXPRESS for data modeling and Implementation
Methods such as Part 21 for defining data exchange structures, Application Protocols (APs) are
essential elements in the realization of STEP standards. These APs (Parts 2XX in ISO 10303) de-
scribe the entities and their relationships to model data for a specific industrial application domain
(e.g., design, machining, inspection, etc.). As APs can become extensive, containing hundreds
or thousands of entities, modularization strategies were adopted through Integrated Resources
(Parts 4X, 5X and 1XX), Application Modules (4XX and 1XXX), Application Interpreted Con-
structs (5XX), Core Models (Parts 4XXX), and Units of Functionality. Presently, STEP boasts
23 well-established APs. Some of the commonly used APs in commercial CAD/CAM systems
include:

• STEP 203 (ISO 10303-203 [128]) is tailored for mechanical component design and 3D
configuration control. Initially lacking layer and color capabilities, the second edition in-
troduced enhancements compatible with AP214.

• STEP 214 (ISO 10303-214 [129]) is designed for automotive mechanical design, featuring
layer and color management, GD&T (Geometric Dimensioning and Tolerance), 3D con-
struction history, kinematic structures, and more.

• STEP 242 (ISO 10303-242 [130]) focuses on managed model-based 3D engineering, merg-
ing features from AP214 and AP203. It includes functionalities like 3D PMI (Product &
Manufacturing Information), 3D composite design, 3D electrical harness, 3D, kinematics
assembly, shape quality, 3D features for machining and additive manufacturing, and explic-
it/parametric 3D shape presentation through 3D tessellated geometry and 3D curved trian-
gles. This AP offers significant potential for representing AM data including feature-based
3D complex geometries, curved triangle mesh, multi-material parts, and process parame-
ters. An overview of the structure of the ISO 10303 AP242 is depicted in Figure ??.

Additional APs of interest to highlight are AP224 for feature-based process planning [282],
AP219 dedicated to dimensional inspection information exchange [283], AP240 focusing on
macro process planning [284], and AP238, which deals with application interpreted model for
computerized numerical controllers [133].

5.0.1.5 STEP modeling types

The construction of APs within the STEP ecosystem is based on three key models: AAM
(Application Activity Model), ARM (Application Reference Model), and AIM (Application In-
terpreted Model). The AAM delineates application activities and data flows using the IDEF0
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Figure 5.3: Overview of the ISO 10303 AP242 [127]

method, providing a high-level overview that undergoes refinement to generate the ARM. In
contrast, the ARM represents application-specific data requirements in terminology understand-
able to practitioners, typically developed through workshops with domain experts [274]. Finally,
the AIM encodes the ARM into an EXPRESS model using STEP integrated resources. Fur-
thermore, Abstract Test Suites, specified in Parts 3XX, consist of predefined test cases designed
to assess APs implementations’ adherence to STEP standards, covering various aspects such as
data structure, semantics, and interoperability. Meanwhile, the Conformance Testing Framework,
outlined in Parts 3X, complements the Parts 3XX providing a systematic approach to verify com-
pliance with ISO 10303. Together, they facilitate the development of interoperable and standards-
compliant STEP software solutions.

5.0.2 STEP-NC

While STEP has been developed to address the challenges of product data integration across
CAD/CAPP/CAM systems, the new standard STEP-NC is conceived with the purpose of extend-
ing this integration to the realm of CNC machine controllers, aiming to replace the entrenched
G-code. Unlike traditional G-code, which often lacks semantic richness and is highly machine-
specific, STEP-NC offers a standardized approach to describing manufacturing processes, lever-
aging the rich data model of STEP to provide comprehensive product context information for
CNC machines. Both ISO 14649 and ISO 10303-238 target micro-level process planning, aim-
ing to replace traditional G-code in NC machine tool programming, while ISO 10303-240 [284]
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addresses macro-level process planning information. Xu et al. [285] present a comparison be-
tween an ISO 14649 (ARM) and ISO 10303-238 (AIM) model, which is detailed in Table 5.2.
Kramer et al. [286] concluded that both ISO 14694 and ISO 10303-238 (AP 238) are viable for
implementing STEP-NC to control machining centers effectively. AP 238 accurately represents
ISO 14649 information and enables real-time interpretation of STEP-NC data. However, building
a STEP-NC interpreter, especially for AP 238, is challenging. The interpretation time increases
linearly with file size for both standards, but interpreting AP 238 data takes significantly longer
than ISO 14649 data using available software tools.

Table 5.2: Comparisons between an ISO 14649 (ARM) and ISO 10303-238 (AIM) model [285].

Comparison cri-
teria

ISO 14649 (ARM) model ISO 10303–238 (AIM) model

Storage needed 10 times less than AIM 10 times more than ARM
Programming Easy More complex
Human readable Difficult Almost impossible
Compatibilities
with STEP

Partly compliant Fully compliant

Data consistency Original design information is
abandoned

Original design information is pre-
served

The structure of ISO 14649, illustrated in Figure 5.4, comprises a series of Parts strategically
designed to define manufacturing processes rather than focusing solely on machine tool motion.
Part 1 [132] provides an overview and fundamental principles, while Part 10 [287] addresses
general process data. Furthermore, Parts 11 through 14 [288, 289, 290, 291] delve into process
data for specific machining operations such as milling, turning, wire-EDM (Electrical Discharge
Machining), and sink-EDM, while Part 111 [292] and 121 [293] detail tool data for milling and
turning, respectively. Of particular note is Part 17 [294], introduced in 2020, which specifically
focuses on process data for AM processes. However, the data model of Part 17 is still in its early
stages and requires expansion to encompass entities describing process parameters associated
with specific AM technologies.

5.1 Overview of the current STEP-NC data model for AM

The current STEP-NC data model in ISO 14649 Part 17 has already been mapped as an ex-
tension of the AP238 model to support AM process entities within its edition 3 (current edition
of AP 238 since 2022) [133]. This edition also maintains harmonization with other ISO 10303
APs such as AP242, AP224, AP219, among others, through modularized integration with inte-
grated resources and application models (as depicted in Figure 5.4). Currently, edition 3 has also
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begun documenting entities that enable the integration of DTw data as a strategy for simulation,
monitoring, and control of both processes and machines in manufacturing environments [295].
This vision aligns with the objective of the new ISO 23247 standard released in 2021 [137], also
developed by the technical subcommittee SC 4 of ISO TC 184, which proposes a DTw framework
for manufacturing.

A fourth edition of AP238 is currently under discussion in SC4 meetings, with industry partic-
ipants such as STEP Tools Inc., Boeing, NIST, among others. This fourth edition aims to extend
the data model of AP238 with new entities for four new capabilities [295]: drill and fill operations
of fasteners in assemblies; layup of structures using composite tape; AM PBF process parame-
ters; and, the definition and usage of cutting tools. The foundation of the data model supporting
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PBF processes in such a fourth version of AP238 has been introduced in [296], which adds spec-
ifications for PBF thread operation, inter-layer relationship, scan strategy, and technology-related
process parameters. STEP Tools Inc. has led practical demonstrations utilizing their proprietary
Python library to showcase the integration of newly introduced AM model entities. This ver-
satile Python library enables seamless creation and manipulation of STEP-NC programs [297].
Their comprehensive approach begins with CAD geometry importation, proceeds through intri-
cate slicing procedures, and concludes with the generation of optimized toolpaths and parameters
specifically for PBF processes [298].

Figure 5.5 presents an EXPRESS-G diagram delineating the core structure of the AP238
schema, featuring entities pertinent to AM processes highlighted in distinct colors. At the core
of AP238 lies the executable entity, pivotal for orchestrating the execution of actions on a
machine in a defined sequence. The executable entity encompasses four primary types of exe-
cutable objects: nc_function, program_structure, workingstep, and am_workplan.

While nc_function entities describe switching operations or other non-interpolating ma-
chine functionality, such as singular events, the other types of executable objects define more
comprehensive sequences of actions required for manufacturing processes. Specifically, the
program_structure entity provides logical blocks essential for structuring STEP-NC pro-
grams, enabling sequential programming within a workplan or through adaptable, parallel,
loop-based, or conditional sequences. Among these structures, the workplan stands out as the
most critical type of program_structure, facilitating the grouping of workingstep sequences
associated with an executable object.

The workingstep entity constitutes the fundamental component of a STEP-NC program,
serving as the building block for manufacturing operations. It can be categorized into three pri-
mary types based on the nature of the manufacturing process: machining_workingstep,
turning_workingstep, and am_workingstep. Within the workingstep, three cru-
cial elements are encompassed: workpiece, feature, and operation. The workpiece
is associated with the inherited property to_be from the executable entity, encapsulating
information related to the 3D model of the part to be fabricated in its entirety. Conversely, the
property its_feature delineates the shape, dimensions, and other attributes of the specific ge-
ometry (feature) to be created through the manufacturing operation (property its_operation)
linked with the workingstep. Moreover, the operations can also contain an explicit and exact
description of the toolpath if this is required by the NC controller.

For AM processes, an am_workingstep, represented by the green box in the Figure 5.5,
comprises essentially an am_workpiece (pink box in Figure 5.5), an am_feature (orange
box in Figure 5.5), and an am_operation (purple box in Figure 5.5). The geometry of an
am_feature can be composed by connecting multiple features through an am_compound_feature,
each defined as either an am_simple_feature, an am_gradient_feature, or an am_heterogeneous_feature.
The am_simple_feature describes a basic additive geometry with a uniform skin and core,
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Figure 5.5: Current AM data entities mapped from ISO 14649 to the AP238 [295].

allowing for selection of a single color and material. Conversely, the am_gradient_feature
permits the definition of color and material gradients within an am_feature, while the am_heterogeneous_feature
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employs a freeform formula to depict atomic mixtures of multiple materials and colors within
the same feature. Additionally, within each type of AM feature, there exists a property called
its_construction, which establishes a connection to a construction strategy (am_construction
entity). This strategy takes into account parameters such as density and construction direction,
offering options for either a solid structure (am_solid entity) or one based on fill patterns
(am_infill entity) like honeycomb, concentric, or rectilinear.

The operation entity serves as a supertype encompassing various types of manufacturing
operations, including maching_operation, rapid_movement, touch_probing, and
am_operation (illustrated by the purple box in Figure 5.5). An am_operation can further
be categorized as either an am_oned_operation or an am_twod_operation. The for-
mer pertains to one-dimensional (1D) deposition processes, where material deposition occurs
incrementally until the complete geometry is achieved. Conversely, the latter specifies two-
dimensional (2D) operations on the geometry of each layer, determining layer thickness based
on the normal direction. Moreover, an am_operation also interfaces with AM machine func-
tions through the am_machine_functions entity and process parameters associated with a
specific AM technology. Milaat et al. [296] have proposed a comprehensive set of entities to de-
scribe process parameters for PBF technology, which have been integrated into the fourth edition
of AP238 [295]. Additionally, the am_workplan entity (blue box in Figure 5.5) emerges as an
integral component of the core entities for AM within the current AP238 model. It functions as
an executable object type capable of linking setup strategies for the workpiece, support structure,
and build plate in AM processes.

Despite the existing core entities facilitating the description of AM processes within the
AP238 structure, there remains a notable absence of entities to describe specific process param-
eters for other AM technologies (e.g. FDM, LMD). This represents an opportunity to propose
models that enhance the current AP238 model for AM processes. Therefore, Section 5.2 calls for
a thorough review of STEP-NC literature, with emphasis on AM processes.

5.2 Methodological Framework for the Literature Review

The literature review presented in this study was conducted utilizing the Scopus database,
adhering to the methodological framework outlined in Figure 5.6. While the primary focus of this
investigation lies in the advancement of STEP-NC with a particular emphasis on AM processes,
an initial comprehensive search was conducted for research works pertaining to STEP-NC in a
broader context. This initial search, aimed at gaining a broad perspective on the overall research
landscape surrounding STEP-NC, involved querying terms such as “STEP-NC," “ISO 14649,"
“ISO 10303-238," and “AP238", as illustrated in flow (a) of Figure 5.6. This preliminary search
yielded a corpus of 574 documents encompassing the broader domain of STEP-NC.
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Figure 5.6: Literature review methodology.

As depicted in Figure 5.7(a), an analysis of the yearly publication trends related to STEP-NC
from 2002 to 2024 reveals a significant spike in outputs between 2006 and 2010. This surge
coincided with the establishment of data models for machining processes such as milling and
turning within ISO 14649 and AP238 standards. Notably, this period saw a proliferation of STEP-
NC implementations predominantly tailored to machining applications. However, recent years
have witnessed a discernible downturn in publication activity, indicative of evolving research
priorities and shifting emphases within the realm of manufacturing engineering. Nevertheless,
from this extensive collection of 570 works, a carefully curated selection of 6 papers that delve
deeply into the architectural aspects of STEP-NC has been chosen and will be discussed in a
concise survey presented in Section 5.4.

On another front, a focused inquiry into the development of STEP-NC applied to AM pro-
cesses was also conducted. Here, the query from the initial search was refined by incorporating
key terms like “additive manufacturing," “3D printing," and “rapid prototyping", as depicted in
flow (b) of Figure 5.6. This investigation yielded a total of 28 documents, meticulously scruti-
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nized and distilled to a selection of 19 documents truly pertinent to STEP-NC research in AM.
Subsequently, 8 additional documents were sourced from platforms like Google Scholar, bringing
the final total to 27 documents.

Figure 5.7(b) illustrates the number of scientific publications associated with STEP-NC in
AM processes per year, revealing a recent uptick with a peak of five publications in 2019. Un-
like broader research on STEP-NC, interest in the application of STEP-NC to AM processes has
surged in recent years. This can be largely attributed to the rise of AM processes as an enabling
technology of Industry 4.0 and its evolution in terms of materials, technology, and machine capa-
bilities. Furthermore, its increasing adoption in industry through metal AM processes is opening
new avenues in product development. Moreover, as previously mentioned, Part 17 of ISO 14649
was formalized in 2020, and ISO 10303 AP238 has also begun to incorporate entities to describe
AM processes within the STEP-NC data model.

It’s also significant to highlight that a substantial proportion—approximately 50%—of publi-
cations concerning STEP-NC in AM emanate from countries such as France, the United States,
and Brazil (See Figure 5.8(a)). Notably, a select few institutions from these nations spearhead
these impactful contributions (See Figure 5.8(b)).

5.3 Research review on STEP-NC in AM processes

Since the 1990s, researchers have increasingly identified the STEP format as a promising stan-
dard for seamlessly integrating CAD information with AM processes. In 1994, Carleberg [299]
suggests employing geometric data in STEP format coupled with process parameters for a solid
free-form fabrication system. Gilman and Rock [300] describe an architecture and methodology
to integrate CAD data using STEP and a solid free-form fabrication system. Kumar and Dutta
[301] underscore the potential substitution of STL with STEP, specifically emphasizing the use
of AP204 and resources outlined in Part 42 for layered manufacturing. Building on this con-
cept, Dutta et al. [302] and Pratt et al. [303] advocate for the creation of a dedicated AP within
the STEP standard, tailored to meet the specific needs of layered manufacturing. Meanwhile, a
method of slicing and editing STEP-based models for rapid prototyping is proposed in [304].

While numerous researchers have recently acknowledged the potential of STEP [183, 186,
200, 305], particularly through APs like 203, 214, and 242, to encompass part geometry and
process parameters for AM processes, there is a recognized need for a more comprehensive so-
lution that extends to the CNC level, such as STEP-NC [186, 306, 305]. Examples showcasing
the integration of CAD-CAM-Simulation-CNC facilitated by STEP-NC in accordance with ISO
10303 AP-238 are documented in [307]. The implementation challenges associated with STEP-
NC in comparison to traditional G-code have hindered its widespread adoption as the industry
standard. Despite this, the realm of research has experienced substantial advancements in the
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(a)

(b)

Figure 5.7: Documents by year: (a) Publications on STEP-NC overall using the query TITLE-
ABS-KEY ("STEP-NC" OR "ISO 14649" OR "ISO 10303-238" OR "AP238"); (b) Publications
on STEP-NC in AM using the query TITLE-ABS-KEY (("additive manufacturing" OR "3D print-
ing" OR "rapid prototyping") AND ("STEP-NC" OR "ISO 14649" OR "ISO 10303-238" OR
"AP238")).

application of STEP-NC over the past two decades, particularly in the domains of machining
[308, 74, 309, 310], turning [311, 312, 313], EDM [314, 315], process optimization and energy
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(a)

(b)

Figure 5.8: Additional statistics from the Scopus database regarding STEP-NC in AM (TITLE-
ABS-KEY (("additive manufacturing" OR "3D printing" OR "rapid prototyping") AND ("STEP-
NC" OR "ISO 14649" OR "ISO 10303-238" OR "AP238"))): (a) Documents by country; (b)
Documents by affiliation.

consumption [316, 317, 318], closed-loop inspection [319, 320, 321], and robotic machining
[322, 323, 324, 325], to name just a few. Conversely, the progress in AM processes has been
relatively limited. The recent official release of the ISO 14649 Part 17 [294], developed by the
ISO TC184/SC1 committee, represents a significant step forward, providing a comprehensive
model for AM processes, including entities for detailing workingsteps, operations, features, and
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AM technologies. However, ongoing development is essential to incorporate entities supporting
specific AM technology parameters and operations.

5.3.1 STEP-NC data models and implementations in AM

Ryou et al. [326], in 2006, were early contributors to the development of a data model in EX-
PRESS language for AM aligned with the STEP-NC ISO 14649 standard. Their model featured
three main categories: part geometric design data, part non-geometric design data, part process
history, and (optionally) part locally controlled. However, it had limitations, lacking crucial infor-
mation about AM technology specifics, tools, multi-material and multi-color design approaches,
and manufacturing strategies. Despite being an initial effort, their model has not been incorpo-
rated into the standard, remaining at the proposal stage.

The work of Bonnard et al. [327, 328, 201] has been groundbreaking in proposing a holistic
DTh/chain framework for AM based on STEP-NC. Their pioneering research, conducted at the
École Centrale de Nantes in France between 2009 and 2010 [329, 327], laid the foundation for
integrating STEP-NC data models tailored to address the inherent limitations of the AM DTh.
These contributions align with the ISO 14649 standards set by the ISO TC 184/SC 1 working
group, marking a significant milestone in the development of ISO 14649 Part 17.

In more recent works [330, 328], Bonnard et al. present substantial advancements in the im-
plementation of STEP-NC information models, enabling the seamless exchange of data through-
out the AM DTh. Their STEP-NC data model for AM integrates key elements such as task
descriptions, geometry, product structure, and tools/technology. Building on the existing STEP-
NC data model for machining (ISO 14649 Part 10), it incorporates AM-specific data, including
material transformations (from powder, liquid, or solid to solid), machine tools (such as lasers
or inkjet printheads), and environmental controls (like temperature, pressure, and humidity). The
model also encompasses AM operations, strategies, and product structure, addressing the layered
composition of AM products. Validated through the STEP-NC platform for advanced and intel-
ligent manufacturing developed at École Centrale de Nantes, this model opens new avenues for
advanced programming of AM machines. It also supports the integration of AM with other pro-
cesses in hybrid manufacturing platforms, offering a flexible and robust framework for advancing
the DTh in AM.

Building on their earlier work, Bonnard et al. [201] introduced the Hierarchical Object-
Oriented Model (HOOM), a methodology grounded in object-oriented principles to address chal-
lenges in AM DTh. HOOM spans seven levels, encompassing the entire manufacturing pro-
cess—from design to post-production—through a structured system of objects and instance vari-
ables. Tested in a STEP-NC-compliant digital chain, HOOM offers key benefits such as improved
standardization, modularity, and interoperability.

Rauch et al. [74, 331] have introduced the concept of multi-process manufacturing, empha-
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sizing the use of STEP-NC to integrate and supervise various manufacturing processes within
a unified numerical chain. Their approach proposes a multi-process supervision platform that
enables interoperability, computational simulation, and optimization of workplans across diverse
processes. While this innovation allows cross-process interactions, they acknowledge the com-
plexity of fully integrating such a multi-process system, as it requires significant efforts to develop
an entirely connected digital chain. The data model in this system is designed to reflect modifica-
tions from each manufacturing stage, with STEP-NC acting as the unifying standard for various
process data.

Um et al. [332] applied STEP-NC to AM in remanufacturing processes, emphasizing its
ability to reduce production time and waste. However, they identified issues with surface quality
and shape accuracy due to geometric errors in process planning. To overcome this, they proposed
a STEP-NC-based process planning method that enhances part quality with accurate geometric
representations and support for multiple materials. Their approach minimizes errors across the
CAD-CAM-CNC chain, automates process planning, and considers tolerances. A case study
validated this method, showing improvements in automation and surface quality.

Xiao et al. [333, 334, 215, 335], from the Université de Technologie de Compiègne, have also
made significant contributions through a series of studies to the development and implementation
of STEP-NC for AM. In one of their works [333], they present the definition, parameterization,
and standardization of an information model for machine-specified AM processes based on STEP-
NC. In a subsequent study [334], they focus on process planning and operations management in
AM, by combining multiple standards, including ISO 10303, ISO 14649, ISO 15531, ISO/CD
18828, and the Unified Manufacturing Resource Model (UMRM), to integrate process imple-
mentations, manufacturing management, and control. Their objective is facilitate the automation
of decision-making in process planning and operations management by providing essential infor-
mation on machine tools and other resources. On the other hand, they also address the challenges
of integrating geometric dimensioning and tolerancing (GD&T) into AM through product and
manufacturing information (PMI) [215]. Their review examines the limitations of current geo-
metric and tolerancing models, focusing on standards like STL, AMF, and STEP. They propose
that STEP standards offer a strong foundation for advancing research and improving the integra-
tion, standardization, and management of geometric, material, and process data in AM.

In a separate study, Xiao et al. [335] introduced a comprehensive STEP/STEP-NC-compliant
process data model tailored for FDM technology. This model defines key application objects and
entities, establishing relationships, constraints, and standardizing process parameters within the
context of 3D printing processes, which covers manufacturing layers, deposition operations, and
process parameters. Specifically, manufacturing layers provide geometric details, while depo-
sition operations define print devices, header paths, FDM technology, functions, and strategies.
Additionally, the authors developed a conformance testing process, ensuring compliance through
information exchange related to layers and header paths.
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Pei et al. [336] evaluated existing additive manufacturing (AM) data transfer standards for
their applicability in decentralized cloud manufacturing (RDM). They identified limitations in
traditional formats like STL and explored alternatives such as AMF, 3MF, STEP, and STEP-NC.
Through expert surveys and interviews, they found that STEP-NC and AMF are leading in incor-
porating essential features like internal structures, tolerances, and geometric representation. The
study emphasizes the need for open standards to drive innovation in AM and urges policymakers
and industry leaders to prioritize data exchange standards for a successful Digital Economy in
RDM. Similarly, Lee et al. [337] provided an overview of ongoing AM standardization activi-
ties, focusing on IT aspects like data transfer and exchange. Their study highlights efforts from
organizations like ISO TC261, ASTM International and the 3MF Consortium, noting that the
manufacturing sector is at the forefront of these initiatives. The research also addresses emerging
IT standards for AM service platforms and the medical field, emphasizing the need for standard-
ized frameworks to support the broader adoption of AM technologies.

The authors of the present work have also contributed to the development of STEP-NC for
AM within the research efforts conducted by Professor Alberto Alvares’ team at the University
of Brasilia, Brazil [214, 306, 305, 338, 321]. In an initial study, Rodriguez et al. [214, 306]
introduced the concept of the AM layer feature to capture the geometric representation of each
layer in an AM process. They proposed a STEP-NC data model focusing on entities related to the
AM layer as main manufacturing feature in AM processes, which includes attributes such as layer
thickness, build direction, and a list of contours (internal and external) described using a polyline.
Although this concept is significant given the typically layer-by-layer nature of AM processes, it
remains an early-stage model that does not encompass all aspects of information related to an AM
feature. For instance, it lacks consideration of compound features, multi-material, and multi-color
aspects, among other complexities.

Subsequently, the authors proposed a methodological approach for implementing STEP-NC
in AM, adapting the existing STEP-NC data model, initially designed for machining processes
[305]. The approach consisted of five core implementation steps: slicing the 3D part model into
AM layers, generating an AM-specific STEP-NC program, constructing the kinematic model of
the AM machine, simulating the AM toolpath, and validating the process by fabricating the part.
The STEP-NC Machine software by STEP Tools, Inc. was employed to simulate the AM toolpath
in conjunction with the 3D kinematic model of the machine. Prior to this, the STEP-NC program
for AM was generated using the API from a custom-built C# application, which accessed a dy-
namic link library (DLL) provided by the STEP-NC Machine Software. For physical validation,
a RepRap Mendel FDM 3D printer was used, equipped with an Arduino-based controller that
interpreted the G-code generated from the conversion of the STEP-NC AM program. This ap-
proach not only demonstrated the practical feasibility of integrating STEP-NC in AM but also
highlighted its potential to standardize process planning and enhance interoperability across AM
systems. This approach was integrated with an MTConnect system for real-time process data
access and remote monitoring over the Internet, as detailed in [338]
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In another study [321], the authors present an integration strategy based on a STEP-NC dig-
ital data model for closed-loop control in AM. Their approach leverages STEP-NC models for
both AM and inspection tasks, enabling a feedback loop within the AM DTh. The proposed ar-
chitecture, validated using an open AM platform, demonstrates its ability to control errors in the
manufactured parts, enhancing the efficiency and accuracy of the entire AM process.

Xiao and Lei [339] contribute to the integration and standardization of AM part structures by
proposing an architecture based on STEP-NC Part 17. They categorize AM layer features, such
as general geometry, foam structure, honeycomb structure, and lattice structure, with detailed pa-
rameters. Their work emphasizes optimal process parameters for improved interoperability and
introduces a specific STEP/STEP-NC-compliant data model. Additionally, they provide confor-
mance analysis and implementation insights for various application systems.

Um et al. [340] demonstrated that using STEP-NC in AM significantly improves data accu-
racy and tool-path generation. Their boundary representation (B-Rep) and squashing algorithms
prevent volume loss, ensuring precise shape construction, concluded from a case of industrial
plastic products. The method surpasses traditional tessellated approaches and shows promise for
hybrid manufacturing, combining additive and subtractive techniques.

Milaat et al. [296] identified shortcomings in the existing STEP-NC data representations for
AM and proposed an enhanced data model specifically designed for PBF processes. Their work
focused on refining the representation of process parameters by defining interlayer relationships,
along with the technology and scan strategy controls. As previously mentioned, the entities intro-
duced by Milaat et al. served as a foundational basis for the development of the data model part
dedicated to PBF processes, which is now being incorporated into fourth edition of AP238. Build-
ing on this work, Milaat et al. [341] propose a model that enables point-level control and process
definition in AM through new data representations within the STEP-NC standard. This approach
facilitates comprehensive volumetric inspection during both fabrication and post-processing of
AM parts. By incorporating key concepts such as "authoritative product definition" and DTw,
their methodology aims to streamline AM process qualification, enhance data traceability, and
enable reliable real-time control, ultimately improving part acceptance in advanced manufactur-
ing settings.

Latif et al. [342] introduce a methodology utilizing the STEP-NC data interface model for 3D
printing, leveraging CAD data from either the ISO10303 or ISO 14649 data interface model in
Part 21 of the physical file representation. They developed a system to generate tool paths for 3D
printing using STEP-NC Part 21, implemented on a 3D printer through indirect and interpreted
programming techniques. The system employs virtual component technology and a specific al-
gorithm to control tools for 3D printing operations.

The most recent work to date addressing STEP-NC in AM is presented by Xiao et al. [343],
who conducted a comprehensive review on the integration of STEP-NC standards within the
AM DTh. Their study explores how STEP-NC, originally designed for CNC processes, can
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be adapted to AM to enhance data interoperability and knowledge discovery through ontology-
based approaches. By combining STEP-compliant data transfer with knowledge-driven methods,
their work proposes a pathway for improving the efficiency of AM processes, enabling intelligent
support for industrial applications and facilitating more effective decision-making in AM systems.

Table 5.3 organizes the reviewed studies on the application of STEP-NC in AM processes
by research groups, highlighting ongoing contributions from certain teams. The table provides
detailed information on each study, including the country of the research team, publication years,
specific research focus, the STEP-NC standard employed, and the type of AM process explored.
This structured summary allows for a clearer view of how different groups are advancing the
integration of STEP-NC in AM, often through a series of interrelated works.

While significant advancements have been made in the literature, several challenges remain
in translating these concepts into practical, industrial-scale applications. To facilitate widespread
adoption, further work is required to integrate STEP-NC seamlessly with AM technologies. In
particular, the development of robust STEP-NC implementation architectures tailored specifically
for AM is essential, with a focus on real-time data validation and aligning with key Industry 4.0
concepts such as the DTh and DTws.

5.4 Short Survey on STEP-NC Implementation Architectures

The development of robust implementation architectures is essential for realizing the full po-
tential of STEP-NC in manufacturing processes. These architectures serve as the foundation
for integrating STEP-NC data models with manufacturing technologies, ensuring seamless com-
munication between digital design and manufacturing processes. Latif et al. [344] conducted an
extensive literature review emphasizing the critical need to advance the development of STEP-NC
implementation architectures, particularly through their integration with a variety of modern tech-
nologies. They highlight the potential of combining STEP-NC with microcontrollers, Arduino,
LabVIEW, MATLAB, Python, Java, C, and other hardware and software platforms to create cost-
effective CNC systems and prototypes. This integration is essential for driving future innovations
and enabling low-cost, flexible solutions that can meet the evolving demands of CNC systems.

Suk et al. [345] introduced three types of STEP-NC implementation architectures for CNC
systems: conventional control, new control, and new intelligent control. The conventional control
integrates ISO 14649 into legacy CNC systems via post-processing, converting STEP-NC data
into G-code, enabling its use in older machines. The new control goes beyond this by directly
utilizing STEP-NC data for tool path generation, eliminating the need for G-code and improving
automation, but still lacking real-time feedback. The new intelligent control represents the most
advanced model, integrating real-time process data to dynamically adjust machining parameters
and tool paths during operation, fully exploiting STEP-NC’s potential for adaptive manufacturing.
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Rauch et al. [74] built upon the three architectural types by categorizing STEP-NC imple-
mentations into indirect (Figure 5.9 (a)), interpreted (Figure 5.9 (b)), and adaptive programming
(Figure 5.9 (c)). The indirect method uses an interpreter to enable STEP-NC compatibility with
legacy CNC controllers, making G-code or robot-specific language (as proposed in [322, 324])
invisible to the user. The interpreted method directly executes commands from STEP-NC files,
incorporating external data, such as probing results, for more precise tool path control. Lastly,
the adaptive method, the most advanced, continuously optimizes machining parameters in real
time, pushing toward fully autonomous manufacturing. However, this approach faces challenges,
particularly in the development of robust experimental platforms and prototypes.

Latif et al. [310, 346] propose a hybrid approach (Figure 5.9 (d)) that combines elements of
both the indirect and interpreted methods described by Rauh et al. This approach leverages an
expert system composed of four key modules: mining, generating, output, and execution. These
modules work together to extract data from STEP-NC machining programs, enabling automated
decision-making capabilities in areas such as data mining, tool path generation, and machine exe-
cution. Once the data is extracted, the algorithm performs an analysis and provides interpretation
recommendations, which can involve indirect, interpreted, or hybrid approaches depending on the
scenario. The system’s database stores these interpretations, along with algorithms for generating
tool paths for various manufacturing operations, such as facing, pocketing, drilling, and contour-
ing, among others. This structure enables a flexible, data-driven approach to optimize machining
processes through STEP-NC technology.

Xiao et al. [347] propose a STEP-NC-enabled edge–cloud collaborative manufacturing sys-
tem designed to enhance CNC machining by improving data traceability and intelligent process
analysis (See Figure 5.9 (e)). Their system integrates edge-side intelligence for real-time data ac-
quisition, understanding, and simulation of CNC machining, while cloud-side capabilities man-
age big data and enable advanced services such as task distribution and virtual monitoring. This
approach allows for a more dynamic and precise connection between design and manufacturing,
using workstep-tagged data to improve traceability. Tested in a COMAC workshop, the system
demonstrated its feasibility for large-scale industrial application, offering a path toward smarter,
more adaptive CNC machining processes.

This thesis work proposes a new architecture that takes the form of a digital ecosystem for
AM driven by standards-based DTh and DTw, which is presented in Chapter 6.
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Figure 5.9: STEP-NC architectures in literature: a) Indirect; b) Interpreted; c) Adaptive; d) Hy-
brid; e) Collaborative.
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Chapter 6

Towards a Digital Ecosystem for AM
driven by Standards-based Digital Thread
and Digital Twins.

6.1 Unified digital ecosystem for contextualized intelligence

As detailed in Chapter 3, the DTh represents a continuous flow of data generated, processed,
and exchanged across various stages of the manufacturing lifecycle. Each stage—ranging from
design to inspection, and beyond—produces a wealth of information, encapsulating everything
from geometrical specifications and process parameters to real-time performance metrics and
quality assurances. This interconnected data stream, conceptualized in Figure 6.1, not only en-
ables a comprehensive understanding of the manufacturing process but also creates opportunities
for integrating DTw at every phase.

The power of a DTw lies in its ability to replicate and augment the physical counterpart it
represents, performing functions that range from real-time monitoring to predictive simulations.
When tied to a specific phase of the DTh, a DTw can optimize processes within that phase. For
instance, in the design phase, the DTw can analyze geometry, material properties, and manu-
facturability constraints, providing feedback on potential design flaws or improvements. During
process planning, a DTw could simulate tool paths, optimize process parameters, and predict
bottlenecks, improving overall efficiency. In the manufacturing phase, the DTw can monitor pro-
duction in real-time, detect deviations from planned processes, and adapt operations to prevent
defects. Finally, in the inspection phase, a DTw can compare actual quality metrics with design
specifications, identify anomalies, and guide corrective measures.

The true potential of DTw can be unlocked when they leverage contextualized data across
the entire DTh. A Design DTw, enriched with insights from manufacturing and inspection,
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Figure 6.1: Concept of an AM Digital Thread connected with Digital Twins.

could recommend design alterations to enhance manufacturability and ensure quality compliance.
Similarly, an Inspection DTw, armed with data on design intent and manufacturing conditions,
could perform root-cause analysis of defects, enabling closed-loop quality improvements. By
transcending phase-specific applications, these interconnected DTws drive holistic advancements
across the manufacturing lifecycle.

Let DThi represent the i-th DTh, where i ∈ {1, 2, ..., n}. Each thread is a collection of
datasets representing lifecycle information across phases, such as design (d), planning (p), manu-
facturing (m), and inspection (q):

DThi = {di, pi,mi, qi}

The relationship between DThs and DTws can be expressed as

DTwj = f(DThc1
1 , DThc2

2 , ..., DThcn
n ), ∀j ∈ {1, 2, ...,m}

Where,

• DTwj: The j-th DTw that aggregates and contextualizes data from multiple DThs.

• f : A function describing how data from various DTh is utilized by the DTwj , encompass-
ing tasks such as monitoring, optimization, or simulation.

• ci: is a contextual filter applied to DThi, determining which lifecycle data (e.g. di, pi, mi,
qi) are relevant.

Now, the total set of DTw in the system can be expressed as:

{DTw1, DTw2, . . . , DTwm} =
m⋃
j=1

fj(DThc1
1 , DThc2

2 , . . . , DThcn
n )
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Figure 6.2: Concept of Multi-Threaded data flow interconnected with Digital Twins for cross-
context lifecycle analysis.

This formulation captures the unification of DTws and their interaction with multiple DThs to
perform targeted analyses and operations. For example, consider a manufacturing scenario that
involves two DThs: DThA, representing an additive manufacturing process, and DThB, repre-
senting a subtractive manufacturing process. DThA contains layer-by-layer deposition rates and
thermal profiles, while DThB includes toolpath efficiency and cutting forces. A manufactur-
ing DTw (DTwM ) can synthesize data from DThA and DThB to predict scheduling conflicts,
identify material interactions, and suggest parameter adjustments for optimized workflow. Simul-
taneously, an inspection DTw (DTwQ) could leverage defects data from both threads to diagnose
systemic issues, propose corrective measures, and improve quality control.

This multi-threaded approach exemplifies the transformative potential of DTw when contex-
tualized across interconnected DThs. By integrating and analyzing data streams from diverse
lifecycles, DTw drive holistic optimization, enabling advanced predictive capabilities, adaptive
decision-making, and enhanced efficiency throughout the manufacturing ecosystem. This vi-
sion naturally leads to the proposition of a unified digital ecosystem for contextualized intelli-
gence, where seamlessly integrated DThs and DTws, underpinned by standardized technologies
and frameworks, provide a cohesive foundation for smarter, more adaptive manufacturing pro-
cesses.

6.1.1 Contextualized data storage

In this approach, data storage must account for the dynamic and cyclical nature of manufac-
turing lifecycles, where DTh are applied iteratively across various phases. Each DTh represents
a structured sequence of lifecycle stages—design, process planning, manufacturing, and inspec-
tion—where different information systems interact to generate and manage data. As a DTh is
repeatedly applied to the lifecycle of a product or process, it creates a rich historical record,
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linking specific instances of the DTh to their corresponding lifecycle events. A robust database
architecture should be capable of linking each DTh to its historical applications, ensuring trace-
ability and enabling cross-thread analysis. For example, a relational database could model each
DTh as a parent entity, with lifecycle instances stored as child records that detail the specific
systems, parameters, and outcomes for each phase. Shared phases, such as a common design or
inspection process, can be referenced across multiple DTh to minimize redundancy and enhance
interoperability. Moreover, temporal data from each DTh’s application must be stored in a way
that supports retrospective and predictive analysis. This could involve time-series databases that
log dynamic changes during real-time operations, ensuring that DTw have access to contextually
rich, chronologically ordered datasets for monitoring and simulation.

6.1.2 Challenges of the proposed unified ecosystem

Despite the promising potential of a unified digital ecosystem for contextualized intelligence,
its full realization is critically dependent on the availability and efficient management of manu-
facturing data throughout the DTh. However, significant challenges persist in achieving this ideal.
The lack of a comprehensive and standardized data representation framework has led to persistent
issues within manufacturing DTh—particularly in AM—including information loss, redundancy,
and disconnections caused by interoperability gaps. These problems are exacerbated by low in-
telligence at the CNC level, fragmented DTh lacking real-time feedback, and inefficiencies in
leveraging the data for actionable insights.

While the integration of DTh and DTw technologies promises to inject higher levels of intel-
ligence and adaptability into manufacturing systems, it can also inherit the underlying limitations
of the DTh. For instance, an incomplete or poorly managed DTh risks propagating inaccuracies
or introducing bottlenecks into the broader ecosystem, undermining the transformative potential
of DTw. This underscores the necessity for a robust digital ecosystem driven by standards-based
DTh and DTws. To realize this vision, it becomes essential to define a cohesive set of standards
aligned with the requirements of this ecosystem. Based on the literature review and analysis pre-
sented earlier, several standards with significant potential have been identified. These standards,
which are discussed in the subsequent section, form the foundational building blocks for defin-
ing a comprehensive digital ecosystem. They aim to address current challenges while laying the
groundwork for a seamless integration of DTh and DTws in advanced manufacturing processes.
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6.2 Proposal of a digital ecosystem for AM driven by standards-
based DTh and DTw

This work proposes a cutting-edge digital ecosystem that leverages the power of the DTh and
DTw to seamlessly integrate the physical and digital worlds, as depicted in Figure 6.3. Based
on the comprehensive review of literature presented in previous chapters, several key standards
have been identified, serving as foundational pillars upon which this digital ecosystem is built.
This integration of standards not only enhances the quality and reliability of information manage-
ment but also fosters interoperability and collaboration within the broader industrial landscape.
Through adherence to established norms and guidelines, the proposed digital ecosystem seeks to
propel the advancement and adoption of AM technologies while addressing key challenges and
promoting best practices in the field. However, this digital ecosystem architecture is not only
designed for AM but is also applicable to general manufacturing processes.

The concept of the digital ecosystem is aligned with the vision of the ISO 23247 framework,
which provides a comprehensive DTw architecture framework tailored for industrial manufac-
turing applications. This architecture begins in the physical space, where traditional manufac-
turing tools, such as CAD systems, CAPP/CAM platforms, CNC machines, and maintenance
systems, form the foundation of production, aligning with the OMEs (Observable Manufacturing
Elements) layer of ISO 23247. However, the true value is unlocked when these systems are inte-
grated with the DTh, a continuous flow of data that captures each phase of production, known as
the Digital Thread Entity (DThE) in the Part 5 draft of ISO 23247 [235].

Production of an AM part begins with the receipt of customer requirements, which are then
passed on to the design engineer for the creation of the CAD model of the part. This entails
incorporating various data elements such as 3D or 2D geometry of the part, or even a point
cloud obtained from a scanned part. Additionally, data from the tessellated 3D model, GD&T
requirements, material specifications, among others, may also be integrated. This collection of
data is commonly referred to as "as-designed" data and is transmitted through the design thread,
a channel proposed to be supported by a model-based data format such as STEP, encompassing
AP203, AP214, or the more comprehensive AP242. AP242, in particular, facilitates AM design
by incorporating entities to represent tessellated geometry and curved tessellated geometry.

The "as-designed" data forms the cornerstone for subsequent phases of the process. During
the CAPP/CAM phase, the process planning engineer can use these data to generate a compre-
hensive process plan. This involves leveraging the feature-based manufacturing approach from
STEP 224 [282], along with STEP-NC (either ISO 14649 or ISO 10303 AP238, where AP 238
seamlessly integrates with other STEP’s APs). In addition, the engineer is tasked with selecting
the appropriate AM technology, setting process parameters, determining the optimal orientation
of the part, and selecting support materials if necessary. Ultimately, simulation of the process
plan is conducted to validate the planned process conditions. All of these steps constitute the
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Figure 6.3: Digital ecosystem framework for AM driven by standards-based Digital Thread and
Digital Twin.

"as-planned" data transmitted through the process planning thread, which is supported by STEP
and STEP-NC in this proposed ecosystem.

In the subsequent CAM/CNC phase, the process plan is handed over to the operator engineer
of the AM CNC system for execution, adhering workinstep by workinstep within the proposed
workplan outlined by the STEP-NC standard. Each workinstep corresponds to a specific manufac-
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turing feature requiring an AM operation as per ISO 14649 Part 17. During this phase, toolpaths
may have been previously generated in the process planning phase or can be generated for each
operation by the CAM/CNC system. This represents the “as-executed" data going through the
manufacturing thread supported essentially by the STEP-NC data model. Validation of the gen-
erated toolpaths can be achieved through simulation. Process monitoring and machine condition
monitoring are conducted by gathering data through the machine controller and external sensors.
This data is then transmitted over the network using protocols such as MTConnect, OPC UA,
or MQTT. Additionally, control over the AM system can be facilitated through protocols like
OPC UA or MQTT, enabling bidirectional data flow. The outcome of this phase should be the
completion of the manufactured part, poised for subsequent post-processing and inspection.

Within the CAIP/CAI system, the inspection phase uses a variety of measurement tools, in-
cluding Coordinate Measuring Machines (CMM), to ensure that the manufactured part meets
both GD&T requirements and surface finish specifications. This meticulous inspection process
is performed on the basis of a comprehensive inspection plan crafted by a dedicated inspection
engineer. Using the feature-based inspection methodology outlined in STEP AP 219 [283] and
STEP-NC standards, the engineer ensures a thorough examination. Furthermore, to effectively
represent the inspection plan and manage the inspection results, the industry-standard QIF and
DMIS formats can be employed. Real-time transmission of measurement results across the net-
work is facilitated by communication protocols such as MTConnect, OPC UA, or MQTT. This
are the “as-inspected" data. The culmination of this phase is the generation of a comprehensive
inspection report through the CAI system. Should adjustments be necessary, such as refining di-
mensions, tolerances, or surface finishes, the part may proceed to a subsequent phase of process
planning for postprocessing.

Other several crucial phases of the AM process lifecycle can relate "as-maintained," "as-
repaired," and "as-disposed" data. In the "as-maintained" stage, data tracks the ongoing con-
dition and performance of the product during its usage, managed by maintenance professionals
who ensure its optimal functionality. Transitioning to the "as-repaired" phase, the data record
any maintenance or repair activities undertaken to address issues or failures, facilitated by main-
tenance or repair specialists. Hybrid manufacturing techniques can play a pivotal role in this
phase, particularly in the context of remanufacturing. This approach combines traditional repair
methods with advanced AM processes to restore components to their original specifications or
even enhance their performance. By leveraging hybrid manufacturing in the "as-repaired" phase,
remanufacturers can achieve greater flexibility, efficiency, and sustainability in the restoration of
components, ultimately prolonging their lifecycle and reducing overall waste. These activities are
often guided by standards such as ANSI RIC001.2, ISO 55000 for asset management, ISO 14000
for environmental management, and ISO 15270 for recycling management. Subsequently, in the
"as-disposed" phase, data oversee the recycling or disposal of the product at the end of its life-
cycle, overseen by professionals in logistics or product management, ensuring environmentally
responsible practices are upheld throughout the process, from delivery to disposal.
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Table 6.1 provides an overview of the key standards grouped by their application within the
DTh stages and their relevance to DTw and CPS frameworks. These standards could collectively
enable efficient data exchange, real-time monitoring, and enhanced decision-making across the
manufacturing lifecycle.

Table 6.1: Key standards for the proposed digital ecosystem.

Domain/Phase Standards and Description
Design STEP ISO 10303 - AP203, AP214, AP242: Enable rich product data ex-

change, including geometric and model-based information for AM design
processes.

Process Plan-
ning

STEP-NC ISO 14649, ISO 10303 - AP238: Support intelligent CNC pro-
gramming, linking design and manufacturing through feature-based defi-
nitions and process plans.

Manufacturing
execution

MTConnect (ANSI/MTC1.4), OPC-UA, MQTT (ISO/IEC 20922), ISO
14649, ISO 10303 AP238: Facilitate real-time communication, process
monitoring, and machine data collection during AM execution.

Inspection ISO 10303 - AP219, QIF (ISO 23952): Ensure traceable quality control
and inspection by linking measurement data to design specifications.

DTw/CPS
frameworks

ISO 23247, ISO 23704: Provide reference architectures and frameworks
for integrating DTw and CPS in manufacturing environments, supporting
data synchronization and real-time monitoring.

A key advantage of this architecture is the role of STEP-NC models, which incorporate enti-
ties specifically for AM, machining, or multi-process definitions. These models allow for detailed
descriptions of AM operations and process parameters, ensuring that every aspect of the technol-
ogy is captured. This data can be used not only to generate STEP-NC programs for machine
controllers but also to provide an essential context for DTw. By combining real-time machine
condition and process data gathered via MTConnect, MQTT, or OPC-UA, DTws are enriched,
enabling deeper simulation, monitoring, and optimization of products and manufacturing sys-
tems. This creates a feedback loop where the physical and digital realms work together to drive
continual improvement, enhance decision-making, and optimize performance across all stages of
production. The Data Collection and Device Control Entities (DCDCE) module further enhances
this integration by synchronizing the OMEs entities with DTw entities, effectively overseeing
sensor data and managing actuated devices within the OME domain.

Each stage of the DTh (as-designed, as-planned, as-executed, as-inspected, as-maintained) is
seamlessly mirrored in the digital twins space by corresponding DTw, virtual replicas of their
physical counterparts. The digital twins space, equivalent to a cyber space, incorporates the Dig-
ital Twin Entity (DTwE) as defined within the ISO 23247 framework, which is the core at this
architecture. These twins, such as the design twin, process plan twin, CNC twin, and inspection
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twin, act as real-time reflections of their respective physical processes. This mirroring allows
manufacturers to simulate, predict, and optimize outcomes long before committing physical re-
sources, creating a digital ecosystem that ensures efficiency, flexibility, and resilience across the
entire manufacturing lifecycle. For instance, the design twin serves as a virtual representation
of the CAD model or design specifications of the part to be manufactured. It allows designers
and engineers to simulate various design iterations, analyze structural integrity, and optimize ge-
ometries for AM processes. Furthermore, enables real-time collaboration and visualization of
design changes, facilitating rapid prototyping and design validation leveraging integrated data
from subsequent phases.

Similarly, the process planning twin encompasses the digital representation of the part’s ge-
ometry, support structures, and build orientation, optimized for AM. It enables process simula-
tion, slicing, and toolpath generation, allowing operators to optimize build parameters, minimize
material usage, and reduce build time. The DTw provides insights into the feasibility and manu-
facturability of the part, guiding decision-making during process planning activities.

The manufacturing twin operates as a virtual replication of the physical AM process, offer-
ing a detailed simulation of material layer construction, thermal behavior, and cooling dynamics
throughout fabrication. This virtual environment enables real-time monitoring and precise con-
trol over AM parameters, ensuring strict adherence to quality standards while minimizing the
occurrence of defects. Operators benefit from the ability to scrutinize process deviations, forecast
potential build failures, and refine fabrication strategies, thereby enhancing both part quality and
production efficiency. Furthermore, the manufacturing twin encompasses the monitoring of ma-
chine condition, leveraging data collected from the shop floor through communication protocols
such as MTConnect, OPC UA, or MQTT. By amalgamating this real-time data with historical
records, manufacturers can conduct sophisticated analyses utilizing machine learning and big
data analytics, thereby improving overall process conditions and predicting machine behaviors
with greater accuracy and foresight.

Moreover, the inspection twin is dedicated to monitoring and assessing the quality of AM parts
throughout the production cycle. It integrates data from in-line sensors, non-destructive testing,
and metrology equipment to track dimensional accuracy, surface finish, material properties, and
defect detection. This twin enables real-time quality control, anomaly detection, and root cause
analysis, empowering operators to identify and address quality issues proactively. Additionally,
it supports traceability and documentation of quality metrics for compliance and certification
purposes.

Furthermore, maintenance, repair, and recycling twins extends beyond the manufacturing
phase to encompass the operational lifecycle of AM parts. It monitors part performance, usage
conditions, and environmental factors affecting durability and reliability. It enables predictive
maintenance, prognostics, and lifetime estimation, allowing stakeholders to optimize asset man-
agement strategies and maximize operational uptime. By capturing real-world operating condi-
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tions and feedback, this DTw facilitates continuous improvement and optimization of AM pro-
cesses for enhanced lifecycle performance.

The ISO 23247 standard facilitates the systematic development of DTws, aligning their cre-
ation with established industry best practices. In addition, the ISO 23704 [138] series outlines
critical requirements for smart machine tools, facilitating the advancement of smart manufactur-
ing on the shop floor through a cyber-physical control framework. Notably, Part 3 of this series
is dedicated to AM machines [140]. Collectively, these standards empower manufacturers to
develop robust and effective Digital Twins.

The final layer of this architecture is the digital services space, which includes the Digital Twin
User Entity (DTUE). Here, data from Digital Twins is leveraged for virtual monitoring, analytics,
prediction, optimization, and decision-making. Through cloud-based APIs and web platforms,
manufacturers can integrate data from various sources to anticipate maintenance needs, optimize
production schedules, and foster real-time innovation. This dynamic environment not only en-
hances operational efficiency but also empowers organizations to make data-driven decisions that
drive growth, improve product quality, and maintain competitiveness in an ever-evolving market.

Finally, the left side of the Figure 6.3 illustrates the 5D product design process as proposed
by Aheleroff et al. [227]. The first section, titled “Definition," is situated entirely within the
physical space, underscoring the critical role of establishing clear requirements and specifications
at the project’s inception. Next, the “Design" section signifies the start of the Digital Thread,
marking the transition from tangible concepts to digital representations. The “Development"
section extends from the Digital Thread into the digital twins space, emphasizing the integration
of both physical and digital elements throughout the product’s evolution. Moving further into the
cyber realm, the “Deploy" section concentrates on the effective implementation of these digital
assets. Finally, the “Discovery" section, located within the digital services division, highlights the
importance of leveraging data-driven insights and analytics to enhance product performance and
drive innovation.

6.2.1 Benefits and Challenges of the Proposed Ecosystem

The integration of DTh and DTw within the proposed digital ecosystem is envisioned to have
the potential to revolutionize manufacturing processes, although it is not guaranteed and depends
on successful implementation and adoption. It is expected to address several key areas:

• Data Integration: The framework is expected to enable seamless access to data, including
design specifications, process parameters, and machine conditions, ensuring coherence and
accessibility across all lifecycle phases.

• Interoperability: Leveraging standardized protocols could facilitate smoother communi-
cation and collaboration among diverse systems and technologies, reducing compatibility
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issues and fostering a more cohesive manufacturing environment.

• Bidirectional Data Flow: The framework aims to establish horizontal communication be-
tween manufacturing stages and vertical integration between shop floor operations and
higher-level management systems, enabling more agile and responsive decision-making.

• Closed Feedback Loops: DTw have the potential to provide real-time insights, linking per-
formance data from manufacturing back to earlier lifecycle phases like design, supporting
iterative optimization and innovation.

• Enhanced CNC Controller Intelligence: By integrating DTw with STEP-NC, the frame-
work could allow for adaptive machining parameters and toolpath adjustments in real time,
potentially improving precision, efficiency, and process reliability.

• Model-Based Definition Advantages: The use of model-based definitions is anticipated
to enable precise representations of complex geometries and tolerances, leading to higher
accuracy in manufacturing outcomes and reduced reliance on manual corrections.

• Contextual Enrichment: DTw enriched with domain-specific and lifecycle data are expected
to enhance predictive capabilities and adaptability, enabling smarter responses to opera-
tional variations.

• Innovation Potential: Advanced analytics, combined with machine learning and big data,
may unlock novel solutions for optimizing processes, driving innovation in product design,
and maintaining a competitive edge.

• Sustainability: The framework has the potential to contribute to more sustainable practices
by improving resource efficiency, enabling predictive maintenance, and extending product
lifecycles through enhanced repair and remanufacturing strategies.

However, realizing this framework involves significant challenges. The complexity of inte-
grating DTh and DTw across an entire ecosystem may demand substantial investments in soft-
ware, hardware, and personnel training. Data integration efforts must align with existing orga-
nizational workflows, and resistance to change may impede adoption. While these hurdles are
nontrivial, the potential gains in efficiency, quality, and innovation make this framework a strate-
gic investment for manufacturers aiming to thrive in the rapidly evolving landscape of smart
manufacturing.

To contribute to the advancement of implementations aligned with the vision of the proposed
digital ecosystem, Chapter 7 introduces a series of practical case studies developed as part of
this thesis. These cases illustrate key methodologies and strategies for integrating standards such
as STEP, STEP-NC, MTConnect, OPC UA, MQTT, and QIF within an AM digital ecosystem,
offering an actionable foundation for further exploration and innovation in this domain.
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Chapter 7

Practical Implementations

This chapter presents five implementation scenarios developed to validate the contributions of
this thesis within the proposed digital ecosystem for AM:

• Robotic Machining: Using STEP-NC to generate and simulate toolpaths for an ASEA
robotic arm with a milling spindle.

• STEP-NC and MTConnect in AM: Integrating STEP-NC with MTConnect for real-time
monitoring of an FDM process on a RepRap 3D printer.

• LMD and STEP-NC Simulation: Simulating toolpaths for LMD using STEP-NC with a
virtual model of the KUKA KR70 robot and a Meltio printhead.

• Proposed STEP-NC Data Models: Defining new STEP-NC entities tailored for FDM and
LMD processes to manage layer-specific data.

• TypeScript-Based STEP-NC Library: Developing an open-source, extensible library to
facilitate the creation and management of STEP-NC models.

7.1 Scenario 1: STEP-NC implementation method for indus-
trial robotic machining

This implementation scenario focuses on demonstrating the use of STEP-NC for robotic ma-
chining, using an ASEA IRB6-S2 robot with 5 DOF, controlled by an open LinuxCNC controller.
Beyond technical implementation, this work explores practical methods for applying STEP-NC,
evaluates available tools, and identifies areas for improvement in the adoption of this technology
toward implementation in AM. STEP-NC (ISO 10303-AP238) provides a standardized approach
to address challenges such as the complexity of programming and simulating robotic machining
operations, allowing the generation of contextualized machining programs for this application.
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The activity flow for implementing this scenario is illustrated in Figure 7.1 using an IDEF0
diagram, detailing four core activities (A1–A4), while Figure 7.2 depicts the corresponding work-
flow illustrating each activity. The process begins with CAD modeling and toolpath generation,
where Mastercam, Siemens NX, and PTC Creo are used to model the test part and define machin-
ing operations such as facing, roughing, and pocketing. These operations include key parameters
like feedrate, spindle speed, and tool geometry. CAD/CAM tools enable simulation of the ma-
chining process, verifying toolpaths through trajectories or machine models. Although custom
robotic models like the ASEA robot are not directly supported in these environments, the tools
allow the export of machining programs in standardized formats such as APT (Automatically
Programmed Tool) files, which represent toolpath geometries and machining commands.

Figure 7.1: IDEF0 activities diagram for the scenario 1.

The APT file generated in the modeling phase is processed in the second activity, where an
APT-to-STEP-NC conversion adapter developed in this work translates the APT commands into
STEP-NC entities. This adapter, written in C#, utilizes the stepnc.dll library [348] from STEP
Tools, Inc., which provides a .NET API for mapping APT commands (e.g., PARTNO, UNITS,
CUTTER, RAPID, GOTO, CIRCLE, FEDRAT, COOLNT) to corresponding STEP-NC func-
tions. These mappings allow the creation of a structured STEP-NC object model that explicitly
captures all machining parameters. The serialized output is saved in Part 21 or Part 28 (XML)
format, ensuring compatibility with simulation and execution environments. Each machining op-
eration in the APT file is linked to a workingstep in the STEP-NC program, complete with its
associated toolpath data. The source code of the developed software adapter can be found in its
Github repository in [75]. Appendix B includes a comprehensive tutorial on how to configure and
use the stepnc.dll in Visual Studio. The tutorial guides the user through the process of creating a
simple STEP-NC program, demonstrating the integration of the DLL, setting up the development
environment, and utilizing its functions effectively.

The resulting STEP-NC program is then verified in an offline simulation environment using
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Figure 7.2: Workflow for generating a STEP-NC file from Mastercam machining data using an
adapter.

the STEP-NC Machine software. This platform visualizes toolpaths, workpiece geometry, and
machining operations while enabling simulation of robotic movements. A kinematic model of
the ASEA robot, described through STEP and XML files, is incorporated into the simulation
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environment. This allows for a detailed examination of the robot’s trajectories and ensures that
the machining operations conform to the intended specifications.

Finally, the verified STEP-NC program is executed on the physical ASEA robot equipped
with a machining spindle and controlled via LinuxCNC. The LinuxCNC controller converts the
STEP-NC program into G-code, which guides the robot through the machining process. The
manufactured part serves as the tangible output of the integrated workflow, demonstrating the
feasibility of using STEP-NC for robotic machining. While this scenario showcases the poten-
tial of STEP-NC in advanced manufacturing, it also highlights limitations, such as the indirect
execution of STEP-NC programs via G-code. Nonetheless, the approach represents a significant
step toward adopting STEP-NC in robotic applications, paving the way for further innovations in
fully integrated digital manufacturing ecosystems. This implementation methodology, along with
additional approaches, is comprehensively described in the referenced work [324].

The data flow within the DTh for robotic machining, illustrated in Figure 7.3, begins with
the design and process planning phases, where the CAD model and machining operations are
created using Siemens NX. The machining data, initially exported in APT format, is converted
into STEP-NC programs by the adapter software, producing a workplan with workingsteps and
detailed machining operations. These STEP-NC programs flow into the simulation phase, where
the STEP-NC Machine software uses a kinematic 3D model of the ASEA robot to simulate tool-
paths. This phase incorporates the only implemented DTw for this scenario, highlighted with
green box in Figure 7.3, which ensures the accuracy and feasibility of the operations. Other DTw
are envisioned for future implementation Validated toolpaths then proceed to the manufacturing
phase, where the ASEA robot executes them on the real machine equipped with a spindle. This
sequence illustrates the seamless flow of data along the proposed DTh for robotic machining,
highlighting its interconnected and iterative nature across design, simulation, and manufacturing
stages.

Figure 7.3: Overview of the robotic machining DTh.
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7.2 Scenario 2: Implementation of STEP-NC and MTConnect
in AM using an FDM process

As outlined in Chapter 5, STEP-NC has seen significant advancements in machining applica-
tions since the early 2000s. However, its development for AM processes has lagged behind. It
was only in 2020 that Part 17 of ISO 14649 introduced core entities for representing general data
definitions in AM within the STEP-NC data model. Despite this progress, the model remains in-
complete, lacking support for process parameters tailored to various AM technologies. Moreover,
tools like STEP-NC Machine from STEp Tools, in the version available in our laboratory, do not
yet support even the foundational entities for AM of Part 17, underscoring the current limitations
in practical implementations.

This gap in STEP-NC development motivated the exploration of a novel method in this work,
adapting the existing machining model to represent toolpaths for an AM process. Specifically,
this implementation scenario focuses on an FDM-based AM process, utilizing the machining-
oriented STEP-NC data model to encode the layer-by-layer toolpaths. Additionally, the scenario
incorporates an implementation of MTConnect to monitor key process parameters during FDM
operations. This system collects real-time data from the machine, including the status of process
progress, the temperatures of the print bed and hotend, the X, Y, and Z positions of the machine,
and the printing speed, making it accessible for visualization through a web client and providing
an effective way to remotely monitor the process.

The digital ecosystem framework proposed in this thesis serves as a reference for structuring
the architecture of the implementation scenario, which is detailed in this section. The complete
architecture, illustrating the interplay between STEP-NC and MTConnect within of the context
of this scenario, is depicted in Figure 7.4. Meanwhile, Figure 7.4 presents the DTh associated
with this implementation scenario, outlining the flow of data across a series of phases. In the
design phase, the 3D model of the part is created, followed by the planning phase, where the
model is sliced into layers, and deposition toolpaths for each layer are generated. These toolpaths
are used to create a STEP-NC program containing workingsteps tailored for a FDM AM process.
The workingsteps, along with their corresponding deposition toolpaths, are then simulated in the
STEP-NC Machine environment, leveraging a kinematic 3D model of the machine to validate the
operations. Finally, the part is manufactured on a real 3D printer. The simulation and manufactur-
ing phases feed into DTw for simulation and process monitoring, respectively (highligthed with
green boxes in the figure). The simulation DTw ensures toolpath feasibility, while the monitoring
DTw tracks key parameters such as process progress, bed and hotend temperatures, the positions
of the coordinate axes (X, Y, Z), and the printing speed, providing a comprehensive framework
for data-driven oversight of the AM process.

The 3D model of the part to be printed originates from CAD software and is saved in the
widely used STL format. This STL file serves as the input for a dedicated AM CAM software,
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Figure 7.4: STEP-NC and MTConnect implementations in AM through digital ecosystem frame-
work.

Autodesk Netfabb, which is employed in this implementation scenario. Netfabb processes the
STL model by slicing it into layers with a specified thickness, defining the FDM process parame-
ters, and generating the corresponding toolpaths for each layer. The toolpaths are then exported in
an XML-based AM layer format, encapsulating all necessary data to represent the sliced model.

The structure of the XML file, shown in Figure 7.6, organizes the layer data within the <Lay-
ers> tag, which contains multiple <Layer> tags. Each <Layer> tag encapsulates one or more
<Exposure> tags, representing individual toolpaths. The type of toolpath, such as contour or
hatch, is specified by the "polylineType" property within each <Exposure> tag. Additionally,
the <Exposure> tags contain <Segments> blocks, which further subdivide into <Segment> ele-
ments. Each <Segment> comprises <Point> tags with attributed x, y, and z properties, defining
the coordinates of the polyline points as illustrated in the figure. The XML file, containing com-
prehensive toolpath data, is then passed to the next stage of the architecture, where it is converted
into a STEP-NC program.

The generation of a STEP-NC program for AM represents a key contribution of this method.
A dedicated software adapter was developed to process the XML file containing the toolpath data
for each sliced layer of the model, parse it, and generate a STEP-NC program tailored for AM. A
free version of this software adapter can be found in the Github repository in this reference [76].
This approach adapts the current STEP-NC model, traditionally used for machining, to represent
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Figure 7.5: Overview of the DTh of the FDM AM process.

Slicing

Figure 7.6: Part model sliced into an XML layer file.

toolpaths for an FDM-based AM process. The software adapter leverages the same DLL from
the STEP-NC Machine software by STEP Tools Inc., previously utilized in the robotic machining
scenario described above. The adapter was developed in C#, integrating the DLL into Visual
Studio to access its functionalities.

To incorporate the DLL in Visual Studio, it was added as a reference within the project set-
tings. This step allows the C# application to invoke the library’s API, enabling the creation of
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STEP-NC models, embedding machining data, and exporting files in either Part 21 or Part 28
formats. The adapter software parses the XML data by creating instances of classes specifically
designed to represent the hierarchical structure of layers, exposures, segments, and points defined
in the XML file. These instances are stored in memory and subsequently mapped to correspond-
ing STEP-NC definitions.

The generation process begins by initializing a STEP-NC model using the AptStepMaker class
constructor from the DLL’s API. A new STEP-NC project is then created within this model. Each
layer from the XML file is mapped to a STEP-NC workplan belonging to the project, with the
workplan’s identifier corresponding to the layer number. Within each workplan, every exposure
is mapped to a STEP-NC workingstep, representing either a contour or hatch polyline type as
specified in the XML file.

The toolpath points from each segment are utilized to define movement commands in the
STEP-NC program. This is achieved using the GoToXYZ function from the API, which takes the
X, Y, and Z coordinates from the XML structure as input parameters. Other process parameters
specific to FDM, such as extruder temperature and feedrate, are mapped to STEP-NC equivalents.
The extruder temperature is represented as spindle speed using the SpindleSpeed function, while
the feedrate is set using the Feedrate function.

Once all data from the XML has been parsed and integrated into the STEP-NC model, the
program is serialized and exported in the Part 21 format. Figure 7.7 illustrates the resulting
STEP-NC file, highlighting how contours and hatches are represented within the program. The
visualization of the layers in Figure 7.7 is achieved by opening the generated STEP-NC program
in the STEP-NC Machine software. This software enables detailed inspection of the toolpaths
represented in the program. Specifically, it allows the user to view the contours and hatches of
each individual layer, providing a clear representation of how the XML data has been translated
into the STEP-NC format. The ability to visualize these details enhances understanding of the
slicing and path-planning processes, validating the correct mapping of AM-specific toolpaths
within the adapted STEP-NC model. This output demonstrates the feasibility of adapting the
STEP-NC machining model to accommodate AM-specific processes, providing a foundational
framework for further developments using this approach.

To incorporate a realistic simulation of the 3D printing toolpaths with the actual 3D printer
model, the kinematic model of the RepRap 3D printer Prusa Mendel i2 is introduced into the
STEP-NC Machine software. This process begins with a STEP file containing the CAD assembly
model of the 3D printer, which serves as the basis for generating an associated XML file to define
the machine’s kinematic structure.

The XML file represents the kinematic model of the AM machine and is structured into two
primary sections, “tool” and “workpiece.” The “tool” section specifies the geometries and place-
ments associated with the actuated axes that move the tool (e.g., X and Z axes for the Prusa
Mendel), while the “workpiece” section details the geometries and placements for components
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ISO-10303-21;
HEADER;
...
FILE_DESCRIPTION(
/* description */ ('ARM_SCHEMA: ap238_arm_schema'),
/* implementation_level */ '4;1');
...
FILE_SCHEMA (('INTEGRATED_CNC_SCHEMA'));
ENDSEC;
DATA;
* Application object: PROJECT (#10)
* ITS_ID: #10, #11, #12, [' ']Additive Manufacturing STEP-NC
...
* Application object: WORKPLAN (#18)
* ITS_ID: #18, [' ']Main Additive Workplan
...
* Application object: WORKPLAN (#65)
* ITS_ID: #65, [' ']Additive Workplan (Layer-1)
...
* Application object: MACHINING_WORKINGSTEP (#70)
* ITS_ID: #70, [' ']Additive WS(contour-open)-0 WS 1
...
* Application object: MILLING_TECHNOLOGY (#84)
#84=MACHINING_TECHNOLOGY('',' ','','');additive
...
* Application object: MACHINING_WORKINGSTEP (#1086)
* ITS_ID: #1086, [' ']Additive WS(contour-open)-1 WS 2
...
 * Application object: MACHINING_WORKINGSTEP (#2824)
 * ITS_ID: #2824, [' ']Additive WS(contour-open)-2 WS 3
...
* Application object: MACHINING_WORKINGSTEP (#6097)
* ITS_ID: #6097, [' ']Additive WS(hatch)-3 WS 4
...
ENDSEC;
END-ISO-10303-21;

Figure 7.7: AM STEP-NC program and layers visualization in STEP-NC Machine software.

that hold the workpiece (e.g., Y axis). Additional fixed geometries, such as the machine’s struc-
ture, are defined outside these sections. Optionally, a “changer” section can also be included to
describe the tool tree and change positions if the machine supports tool changes. This configura-
tion process is illustrated in Figure 7.8.

The identification of assembly components (shape_eid) and faces (face_eid) necessary
to construct the XML file is achieved using the STEP-NC Machine software’s visualization and
identification tools. Once the XML kinematic model and STEP assembly file are generated, they
are placed in the designated directory within the STEP-NC Machine installation path (typically
C:/Program Files (x86)/STEP Tools/STEP-NC Machine/machines). These resources are available
in the open Github repository in reference [77].

Within the STEP-NC Machine environment, the kinematic model of the AM machine is
loaded for simulation by selecting the relevant machine tool from the “Machine Tool” menu and
importing the geometry of the tool (e.g., the 3D printer’s hotend) from the “Tool” tab, as shown
in Figure 7.9. Similarly, the part’s geometry can be included using the “Part Properties” tab. This
setup enables a comprehensive simulation that includes the motion of the kinematic model and
the toolpath execution, allowing precise verification of manufacturing steps. Alternatively, in-
stead of relying on a separate XML file, the kinematic model can be integrated directly into the
STEP document by leveraging the data structures available in the STEP AP-242 standard, which
allows for embedding kinematic and geometric relationships.
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Figure 7.8: Configuring the 3D printer kinematic model into the STEP-NC Machine software.

Beyond toolpath verification, the AP-238 STEP-NC program can be enriched with additional
data, such as tool and part geometries, and geometric dimensioning and tolerancing (GD&T)
information, leveraging integration capabilities with other STEP resources. This enrichment sup-
ports advanced functionalities such as quality checks and the assessment of surface finish require-
ments, offering opportunities for optimizing manufacturing processes and improving part quality.

From the STEP-NC Machine software, the STEP-NC program can be exported as G-code,
which is compatible with the RepRap 3D printer’s controller. The printer operates using an Ar-
duino Mega 2560 running the open-source Marlin firmware. However, certain parameters, such
as the extruder and print bed temperatures, had to be manually incorporated into the G-code. This
adjustment was necessary because the extruder temperature, initially mapped to the spindle speed
for machining processes in the STEP-NC program, was not directly translatable. Additionally,
the print bed temperature parameter was entirely absent from the STEP-NC program and required
manual addition.

This approach highlights both the advantages and limitations of the implemented method-
ology. On the positive side, it demonstrates the feasibility of adapting the existing machining-
oriented STEP-NC model for AM processes, leveraging available tools to generate, simulate, and
export programs for a 3D printing workflow. This adaptability showcases the potential of STEP-
NC as a foundational standard to bridge gaps between manufacturing technologies. However,
significant drawbacks are also evident. The current machining-focused STEP-NC model lacks
the comprehensive ability to represent specific AM process parameters, particularly for FDM.
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Figure 7.9: Simulation of the AM STEP-NC program with machine 3D model in the STEP-NC
machine software.

This limitation necessitated manual interventions, reducing the efficiency and automation poten-
tial of the workflow. Moreover, the implementation remains an indirect architecture, as the final
execution on the RepRap printer required converting the STEP-NC program into G-code, intro-
ducing an additional layer of complexity and potential for errors. These challenges underscore
the need for further development of STEP-NC to fully support AM-specific requirements.

As part of the implementation scenario described in this section, the integration of MTCon-
nect was explored to enable real-time monitoring and data collection from the RepRap 3D printer.
MTConnect is a widely recognized standard for data exchange and communication in manufac-
turing environments. Figure 7.10a illustrates the architecture of the MTConnect implementation,
which consists of three main components: the adapter, the agent, and the web client. These com-
ponents work together to establish a seamless data flow from the 3D printer to a cloud-enabled
monitoring system.

The experimental setup for this framework is tailored to the Arduino Mega 2560 controller
typically used in RepRap machines. To establish a reliable communication channel, an ENC28J60
Ethernet module was connected to the Arduino. This module, compatible with the TCP/IP pro-
tocol used by MTConnect, provides a low-cost and efficient means of enabling internet connec-
tivity. A custom software component was developed and embedded into the RepRap’s Sprinter
firmware. This component collects critical machine data, such as axis positions, hot-end and heat-
bed temperatures, build progress, and the current layer number. The collected data is formatted as
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(a) (b)

Figure 7.10: MTConnect implementation: a) Architecture; b) 3D printer machine model.

a text dictionary in the Simple Hierarchical Data Representation (SHDR) format and transmitted
via TCP/IP.

This approach eliminates the need for external hardware, reducing costs and complexity, while
enabling the RepRap machine to integrate seamlessly into a networked manufacturing environ-
ment. With this framework, affordable Arduino-based controllers gain extended functionalities to
participate in a cloud-enabled manufacturing ecosystem alongside other equipment.

Another critical aspect of this implementation is the creation of the machine information
model, depicted in Figure 7.10b. This model follows the unified terminology and structure de-
fined by the MTConnect standard to organize and represent machine data in an XML format.
The hierarchical model begins with the structural element MTConnectDevices, which contains
sub-elements Devices and Header.

The Devices element includes all the machines in the system, with each machine represented
by a Device element. Within each Device, the Description provides metadata about the machine,
DataItems lists data attributes such as machine availability, and Components organizes dynamic
machine data. For the RepRap 3D printer, these components include positional data for the X,
Y, and Z axes, extruder temperature, heat-bed temperature, build progress, and the current layer
number. The well-structured XML model ensures compatibility with the MTConnect Agent,
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facilitating efficient data exchange and real-time monitoring.

Machine data acquisition tests were conducted by making various types of requests directly
through a web browser. Figure 7.11 illustrates an XML response to a “current" request, which
provides real-time status data from the system. The XML structure adheres to the MTConnect
standard, including elements such as axis positions (X, Y, Z), extruder and heat-bed temperatures,
build progress, and the current layer number. These standardized XML tags ensure compatibility
with MTConnect-compliant client applications, enabling seamless data retrieval and real-time
monitoring from a web client.

Figure 7.11: MTConnect XML response for “current" request with machine operating.

To evaluate the effectiveness of real-time data access and monitoring, a simple web client ap-
plication was developed using HTML, CSS, and JavaScript. Figure 7.12(a) showcases a snapshot
of its frontend user interface, which can accessed online on the url https://efrainrodriguez.
github.io/MTConnect-client/. The web client dynamically retrieves and processes
XML data from the MTConnect agent in response to a “current" request, displaying essential ma-
chine parameters such as axis positions, temperature, build progress, and the current layer. This
intuitive interface allows operators to track the machine’s operational status during the printing
process, providing a user-friendly view of critical metrics. The system was further tested for con-
nectivity and performance. These evaluations verified the agent’s ability to communicate with
various web-based clients via a browser.

Figure 7.12 presents key reports on monitored data from the RepRap machine in operation.
Positional data for the X, Y, Z axes and extruder, shown in Figure 7.12(b), are crucial for ensuring
toolpath accuracy. The temperature data for the hot-end and heat-bed, illustrated in Figure 7.12(c),
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Figure 7.12: MTConnect web client for AM process monitoring.

reflect the controlled conditions necessary for reliable extrusion and layer adhesion. Additionally,
Figure 7.12(d) provides a spreadsheet view of historical data stored for all monitored parameters,
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supporting post-process analysis and quality assessment.

Performance evaluations demonstrated the system’s reliability, with a maximum observed
delay of approximately 700 milliseconds on a TCP/IP connection with 10 Mbit/s bandwidth.
This delay, associated with monitoring eight process variables, is well within acceptable limits for
remote supervision applications in 3D printing processes. The observed latency can be attributed
to several factors: the inherent overhead of HTTP requests used for data retrieval, the processing
time required by the MTConnect adapter to collect and format data in SHDR , and the buffering
performed by the agent to manage real-time data streaming.

Additionally, network transmission delay, influenced by bandwidth and packet routing effi-
ciency, contributes to this overall latency. On the client side, the delay is also affected by the
speed of rendering XML data into the web-based application. Despite these minimal delays, the
system effectively achieves near real-time data retrieval, making it suitable for monitoring and
supervising AM operations.

7.3 Scenario 3: Simulation of the STEP-NC program for the
robotic LMD process

The simulation of STEP-NC programs for the LMD process using the Kuka KR70-2100 robot
demonstrates the adaptability of STEP-NC for metal AM. This scenario emphasizes the integra-
tion of AM toolpaths with robotic systems and the importance of realistic simulation for verifying
toolpaths in 3D metal printing. Figure 7.13 illustrates the 3D kinematic model of the Kuka KR70-
2100 robot integrated within the STEP-NC Machine environment. The simulation showcases the
toolpath for a cylindrical part geometry, with the robot’s movements following the generated tra-
jectories.

The process begins with a 3D part model in STL format, which is sliced in Autodesk Netfabb
to generate toolpaths. These toolpaths are exported in an XML-based layer format and converted
into a STEP-NC program using the software adapter developed in C#. This adapter maps the
sliced layer data into STEP-NC entities, translating deposition paths into Workingsteps.

To enable simulation, the kinematic model of the Kuka KR70-2100 robot is incorporated into
the STEP-NC Machine environment. This involves creating a kinematic configuration XML and
integrating it with the robot’s 3D model. The resulting setup allows for visualizing the robot’s
execution of the LMD toolpaths, validating both the toolpath accuracy and the robot’s kinematic
constraints.

This implementation highlights the potential of STEP-NC to support LMD process opera-
tions while identifying significant gaps in the standard for fully representing LMD-specific pa-
rameters. Currently, the lack of dedicated entities to define essential LMD process data—such
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Figure 7.13: STEP-NC toolpath simulation for LMD process.

as laser power, powder flow rate, or shield gas parameters—limits the ability to natively include
such information within the STEP-NC program. As a result, these parameters cannot be directly
represented or simulated, reducing the comprehensiveness of the DTh for LMD processes.

Additionally, the conversion of the STEP-NC program into KUKA Robot Language (KRL)—the
proprietary programming language for Kuka robots—is necessary for execution. While the STEP-
NC program provides a high-level, interoperable representation, the translation to KRL is essen-
tial to enable real-world operation. To ensure that toolpaths are correctly interpreted and executed
by the robot, subsequent simulation within the KUKA Sim environment is recomended. This
simulation step validates the converted toolpaths, ensuring compatibility and precision before
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deployment in the physical system.

It is important to note that this implementation focused solely on the simulation of the STEP-
NC program with the kinematic model of the Kuka KR70-2100 robot and the LMD printhead
developed by Meltio. No physical execution was performed, further underscoring the necessity of
simulation as a critical step in bridging digital and physical operations. The findings of this work
highlight the pressing need to extend the STEP-NC standard with entities specifically designed
to support LMD processes, enabling a more integrated and robust representation of metal AM
within the digital ecosystem.

Figure 7.14 illustrates the DTh for this implementation scenario. The process begins with the
creation of a STEP-NC program defining workingsteps and deposition toolpaths for LMD oper-
ations. These toolpaths are simulated in the STEP-NC Machine environment using a kinematic
3D model of the KUKA KR70 robotic arm. At the core of this simulation phase is the DTw of
the KUKA KR70 (highlighted with the green box in th figure), providing real-time feedback to
validate and refine toolpaths in a virtual environment before physical execution. By integrating
the STEP-NC program and the simulation DTw, this DTh optimizes the deposition process while
reducing risks and ensuring precision in manufacturing.

Figure 7.14: Overview of the DTh of the LMD AM process.

7.4 Scenario 4: EXPRESS modeling of STEP-NC data entities
for FDM and LMD processes

The limitations observed in the implementation scenarios described earlier, where the current
STEP-NC data model for machining was adapted to represent AM processes, highlight the ne-
cessity of proposing a new data model for specific AM technologies. While these adaptations
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successfully demonstrated the feasibility of using STEP-NC for AM, they also exposed signif-
icant gaps in the ability of the existing model to fully address the unique requirements of AM
processes, such as FDM and LMD. Key limitations include the inability to natively represent crit-
ical AM process parameters, such as extrusion temperature, layer height, or deposition rates, and
the lack of entities designed to handle the layered, iterative nature of AM toolpaths. This section
introduces a novel EXPRESS-based data model for STEP-NC, specifically designed to accom-
modate the distinct characteristics and requirements of the FDM and LMD processes, addressing
these shortcomings and enabling a more seamless integration of AM within the proposed digital
ecosystem.

The significance of FDM and LMD processes cannot be overstated in the landscape of modern
manufacturing. FDM has exploded in popularity because of its accessibility, versatility, and user-
friendly nature, making it a preferred choice for prototyping and small-scale production across
various industries. On the other hand, wire-based LMD provides innovative solutions for metal
fabrication, unlocking new opportunities for advanced industrial manufacturing applications.

Currently, our laboratory is equipped with several FDM machines, including both RepRap-
based and custom-built models. Recently, we have also integrated a Meltio wire-based LMD head
into a Kuka KR70 2100 industrial robot. The ongoing lab projects are focused on developing
DTws for these systems, with the goal of optimizing process parameters and improving opera-
tional efficiency [349, 350]. The current AM STEP-NC model in Part 17 of ISO 14649, which
is part of AP238, does not include entities related to the unique aspects of these AM processes.
To address this gap, we propose the following STEP-NC entities for FDM and wire-based LMD,
constructed using the EXPRESS language. Specifically, we define five primary entities that en-
compass the essential components of these technologies: am_deposition_operation, am
_fdm_technology, am_lmd_technology, am_fdm_machine_functions, and am

_lmd_machine_functions.

The entity am_deposition_operation, presented in Figure 7.15, defines a general type
of operation for AM processes where material is deposited layer by layer, such as in FDM
and LMD. This is a subentity of am_twod_operation, which in turn extends from the am
_operation entity, defined in Part 17 as a type of manufacturing operation. In addition to
inheriting properties from am_twod_operation, the am_deposition_operation in-
cludes several critical parameters: perimeters, which indicates the number of perimeters that
define the thickness of the shell of the layer; minimum_shell_thickness, which specifies
the minimum allowable thickness for the shell of the layer; external_perimeters_first,
a boolean value that determines whether external perimeters should be printed before internal
ones; seam_position, which defines the position of the seam in the layer, and can be one of
the following options: random, nearest, aligned, or rear; infill_percentage, rep-
resenting the percentage of infill material within the layer, affecting the density and strength of the
final part; infill_pattern, which specifies the pattern used for infill, with options includ-
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ing rectilinear, grid, triangles, stars, honeycomb, cubic, concentric, and
gyroid; infill_before_perimeters, a boolean parameter that indicates whether the in-
fill should be printed before the perimeters; skirt_loops, the number of loops to be created
for the skirt, which is an initial perimeter that helps prime the extruder before printing the actual
part; skirt_distance, the distance from the part to the skirt, allowing for some separation
between them; interior_brim_width, which specifies the width of the brim on the inte-
rior side of the part, aiding in adhesion during the print; and exterior_brim_width, which
indicates the width of the brim on the exterior side of the part, similarly enhancing adhesion.

These properties collectively facilitate precise control over the deposition process and their
careful adjustment is crucial for achieving high-quality depositions with optimal mechanical prop-
erties.
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Figure 7.15: EXPRESS-G diagram of the proposed am_deposition_operation entity.

The am_fdm_technology entity extends from the am_technology entity and aims to
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relate parameters specific to the FDM technology through several properties, as shown in 7.16.
Key parameters include nozzle_diameter, which indicates the diameter of the nozzle used
for material extrusion; nozzle_area, representing the cross-sectional area of the nozzle, af-
fecting the flow rate of the material; and extruder_type, which can be classified as either
direct or bowden, determining the mechanism used to feed filament into the nozzle. Other sig-
nificant properties include small_perimeter_speed, which defines the printing speed for
small perimeters, external_perimeter_speed, indicating the speed for external perimeter
printing, travel_speed, the speed at which the print head moves when not extruding material,
and extrusion_speed, which specifies the speed at which material is extruded through the
nozzle during printing. Additionally, the am_fdm_technology entity can be extended to rep-
resent specific types of FDM technologies, such as am_filament_based_fdm_technology
and am_paste_based_fdm_technology. The am_filament_based_fdm_technology
entity encompasses properties like filament_diameter, which denotes the diameter of the
filament used for printing; retract_extrusion, a boolean value that indicates whether re-
traction of filament should occur during non-printing movements; and retract_extrusion
_length, which specifies the length of filament retracted to prevent oozing during travel moves.
The extension to am_paste_based_fdm_technology allows for parameters related to
paste extrusion processes, optimizing the technology for applications like food printing or ce-
ramics. Collectively, these properties and entities ensure precise control over the FDM process,
enabling high-quality and tailored prints based on specific material and technology requirements.

The am_lmd_technology entity extends from the am_ded_technology entity (Fig-
ure 7.17), which in turn extends from am_technology, representing the DED technology.
This entity encompasses parameters such as small_perimeter_speed, indicating the speed
for printing small perimeters; external_perimeter_speed, specifying the speed for ex-
ternal perimeter operations; travel_speed, the speed at which the deposition head moves
when not depositing material; deposition_speed, defining the speed of material depo-
sition during the operation; substrate_thickness, which refers to the thickness of the
substrate on which the material is deposited; and substrate_surface, describing the sur-
face characteristics of the substrate. The am_lmd_technology entity inherits these prop-
erties and adds further specifications, including laser_power, indicating the power output
of the laser used for deposition; laser_beam_diameter, which denotes the diameter of
the laser beam; laser_beam_profile, which can be one of gaussian, flat-top, or
bessel, affecting the distribution of energy; and laser_focus, describing the focal point
of the laser beam during operation. Additionally, the am_lmd_technology entity can be ex-
tended to represent specific LMD technologies, such as am_wire_based_lmd_technology
and am_powder_based_lmd_technology. The am_wire_based_lmd_technology
entity can relate parameters including wire_diameter, denoting the diameter of the wire used;
wire_feedrate, which indicates the rate at which the wire is fed into the deposition process;
and stand_off_distance, referring to the distance between the wire and the substrate dur-
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Figure 7.16: EXPRESS-G diagram of the proposed am_fdm_technology entity.

ing deposition. Conversely, the am_powder_based_lmd_technology entity focuses on
parameters such as particle_diameter, which specifies the size of the powder particles, and
powder_feedrate, indicating the rate of powder feed into the deposition area. Furthermore,
processes utilizing wire-arc AM can also be encompassed within the am_ded_technology
through the am_wire_arc_technology entity, expanding the versatility and applicability of
the DED approach in AM.

The am_machine_functions entity (in Figure 7.18) encompasses the essential machine
functions in AM, providing a framework to describe various operational parameters critical to the
functioning of AM equipment. This entity may include optional properties to relate data such
as chamber_temperature, indicating the temperature within the build chamber; chamber
_pressure, which specifies the pressure inside the chamber; and chamber_humidity, rep-
resenting the humidity level in the build environment. The am_machine_functions entity
extends to include am_fdm_machine_functions and am_ded_machine_functions.
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Figure 7.17: EXPRESS-G diagram of the proposed am_lmd_technology entity.

The am_fdm_machine_functions entity focuses on parameters specific to FDM tech-
nologies, relating data such as extruder_temperature, which defines the temperature of
the extruder during material deposition; build_plate_temperature, indicating the tem-
perature of the build plate to enhance adhesion; extruders, representing the number of extrud-
ers available; active_extruder, denoting which extruder is currently in use; wipe_while
_retracting, a Boolean property that specifies whether the extruder should wipe off mate-
rial while retracting; extruder_offset, which refers to the positional offset of the extruder;
build_plate_offset, indicating the offset of the build plate; auto_cooling, a feature
that enables automatic cooling of the extruder after use; cooling_speed, which determines
the rate at which cooling occurs; and keep_fans_always_on, a property that indicates if the
fans should remain continuously operational to manage temperatures effectively.

Conversely, the am_ded_machine_functions entity pertains to DED technologies and
can relate parameters such as gas_shield, which describes the type of gas shield used during
the deposition process; gas_flow_shield, specifying the flow rate of the shielding gas; and
its_cooling_method, detailing the method employed for cooling the system. This entity
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Figure 7.18: EXPRESS-G diagram of the proposed am_machine_functions entity.

further extends to am_lmd_machine_functions and am_wire_based_lmd_machine
_functions. The am_wire_based_lmd_machine_functions entity adds the prop-
erty cut_wire_after_deposition, which indicates whether the wire should be cut after
the deposition process is completed.

The proposed models must be validated through real-world implementation in manufactur-
ing environments. However, these models provide a foundational base for defining additional
parameters within the STEP-NC model for FDM and LMD processes.
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7.5 Scenario 5: Development of a new software library to han-
dle STEP-NC programs

One of the main challenges in working with STEP and STEP-NC lies in the scarcity of tools
available for developing and implementing STEP-NC models and generating corresponding pro-
grams. The inherent complexity of STEP-NC also serves as a barrier, requiring advanced software
engineering knowledge and significant programming resources for tool development. Further-
more, this lack of tools significantly limits research and innovation in the field, as investigators
and developers face substantial hurdles due to the absence of accessible, modern solutions.

Current available tools are either prohibitively expensive or outdated. For example, STEP
Tools Inc. provides one of the few comprehensive solutions for STEP-NC, including the STEP-
NC Machine software and the ST-Developer suite. However, these tools are costly, and many
institutions or laboratories, including ours, only have access to older versions like the 2010 edi-
tion, which lacks support for newer entities. Moreover, these closed solutions do not allow for
the inclusion of new entities in their STEP-NC models. On the other hand, JSDAI (Java Standard
Data Access Interface) [351] was developed as an early framework for working with STEP mod-
els. It provides tools to parse EXPRESS schemas, generate Java classes, and interact with STEP
data. However, JSDAI is an outdated solution, designed in the 1990s, and is no longer main-
tained or supported. Although it allows for generating new entities and working with STEP-NC
data, its technology is cumbersome, relying on legacy Java versions that make modern runtime
environments difficult to implement.

Given these challenges, a new library is proposed to address the need for accessible and mod-
ern tools for working with STEP-NC. This library must meet several critical requirements, as
outlined in Table 7.1.

Table 7.1: Key requirements for the proposed STEP-NC library

Requirement Justification
Open Source Ensures accessibility for researchers and developers, fostering

collaboration and innovation.
Modern Technology Ensures compatibility with current software development

practices and integration with existing systems.
Extensibility Allows the inclusion of new entity classes and schemas, en-

abling adaptation to evolving needs.
Basic STEP-NC Functionality Supports reading and writing of Part 21 files, which are fun-

damental for any STEP-NC implementation.
Web-Oriented Facilitates cross-platform accessibility and usability in web-

based applications and environments.
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A key step in constructing a library is selecting the programming language in which it will
be developed, as this decision directly impacts its functionality, adaptability, and accessibility.
TypeScript is chosen as the development language for the proposed STEP-NC library due to its
alignment with the outlined requirements.

TypeScript, a language based on JavaScript, extends its capabilities by supporting static typing
and object-oriented programming. This combination makes TypeScript a versatile language suit-
able for developing a wide range of applications, from web-based tools to server-side systems.
Its growing popularity has positioned it as one of the most widely used languages today, both
within the open-source community and across industry sectors. Furthermore, TypeScript benefits
from the robust ecosystem of Node.js, which serves as its runtime environment. Node.js provides
access to one of the largest repositories of libraries in the world, npm (Node Package Manager),
enabling developers to integrate diverse functionalities from thousands of open libraries available.

To meet the outlined requirements, the first step is to make the library openly available to the
community, ensuring accessibility and collaboration. An open-source approach not only allows
the library to be widely adopted but also fosters collective contributions, enhancing its capabili-
ties. To achieve this, the library is hosted in a public repository [352], offering unrestricted access
to its codebase, and is also published as an npm package [80]. This ensures that anyone can easily
download, use, and contribute to the library, creating a collaborative environment for continuous
improvement and innovation.

The proposed STEP-NC library is built and maintained using a cutting-edge technology stack,
addressing the requirement for modern technology. Figure 7.19 illustrates the core tools support-
ing its development, including NX, ESLint, Prettier, Jest, and Verdaccio. NX enables modular
development through a monorepo structure, enhancing scalability and efficient dependency man-
agement. ESLint and Prettier ensure high code quality and consistent formatting, streamlining
collaboration and minimizing potential errors. Jest provides comprehensive testing capabilities,
ensuring the library’s reliability across various use cases. Verdaccio acts as a private npm reposi-
tory, enabling secure internal testing and versioning before public releases. Together, these tools
fulfill the requirements for a robust, modern, and extensible STEP-NC library while laying a
strong foundation for future enhancements.

To meet the requirement of extensibility, the library leverages the principles of object-oriented
programming (OOP), including inheritance, abstraction, composition, and aggregation. These
principles allow the library to be modular and adaptable, enabling the addition of new entities or
schemas as needed without disrupting the existing structure. Meanwhile, the schemas package
contains all the entities grouped by schemas, each schema corresponding to a specific application
domain.

The general structure of the library is illustrated in Figure 7.20, which showcases its organi-
zation into two main packages: core and schemas. The core package serves as the foundation,
containing base classes that establish the essential hierarchy and structure for representing a STEP
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Figure 7.19: Technology stack used to build the STEP-NC library.

or STEP-NC model. These base classes are designed to be highly reusable and extensible, pro-
viding a flexible framework for building specialized entities and models.

Figure 7.20: Structure of the STEP-NC library.

In alignment with the STEP and STEP-NC standards, EXPRESS defines the modeling lan-
guage and data structures that form the foundation of these schemas. This includes primitive
data types, aggregates, constructed types, named types, constants, and functions, among others.
Within the library, these fundamental EXPRESS data types have been mapped to TypeScript
classes, each representing a specific data structure. Among the named types, the entity stands
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out as a core construct that defines domain-specific data elements within a schema, such as those
related to design or manufacturing. Entities establish the hierarchies and relationships that form
the backbone of a data model.

To support the creation and extension of schemas, an abstract class, EntityBase, has been
introduced within the core package of the library. This class defines essential properties and
methods that all entities must implement, serving as the base for adding new entities to any
schema within the library. Developers extending the library can use this abstract class to ensure
consistency and adherence to the framework’s standards.

Additionally, a decorator pattern has been employed to manage metadata for each entity class.
Two key decorators, Entity and Attribute, are critical for establishing relationships between en-
tities and enabling the serialization and deserialization of class instances during runtime. The
Entity decorator is applied to each entity class, facilitating the addition of parent references (if
specified) and registering the class in a global map for runtime operations. Meanwhile, the At-
tribute decorator is applied to each entity property, capturing metadata about the attributes to
further support runtime serialization and deserialization.

Figure 7.21 illustrates a code snippet of an entity created using the library, showcasing both
the extension of the abstract EntityBase class and the application of the Entity and Attribute dec-
orators. This example highlights the streamlined process developers can follow to introduce new
entities, ensuring compatibility and ease of integration within the library’s extensible framework.

To meet the requirement of basic functionality for reading and writing STEP-NC files in Part
21 format (P21), the library includes specialized classes within its services folder: P21Writer and
P21Reader. These classes are fundamental for enabling serialization of a model into a P21 file
and deserialization of a P21 file into a model, thus facilitating the handling of STEP-NC data.

The P21Writer class is designed to serialize an instance of a model, which comprises proper-
ties linking instances of classes that represent sections, further containing hierarchies of related
entity instances. The class allows developers to create an instance of P21Writer and invoke its
write method, specifying the file path where the generated P21 document will be saved. This
process leverages the hierarchical relationships within the model to create a structured P21 file.
Figure 7.22 illustrates an example of a P21 file generated by P21Writer for a simple entity hierar-
chy.

Similarly, the P21Reader class enables the deserialization of a P21 file into a corresponding
model of related entity instances. By creating an instance of P21Reader, developers can use its
parse method, which takes the file path of the P21 document as input. Upon successful parsing,
the class constructs a model by instantiating entities and their relationships based on the data
extracted from the file.

Both classes utilize the metadata registered by the Entity and Attribute decorators applied to
entity classes when included in the library. This metadata is critical for mapping the properties of
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Figure 7.21: Typescript code snippet showing a entity class created inside the library.

the entities during serialization and deserialization, ensuring that the P21 files accurately reflect
the structure and relationships of the underlying model. This approach streamlines the handling
of STEP-NC data and simplifies the process for developers working with P21 files.

The library also fulfills the web-oriented requirement by leveraging the native capabilities of
JavaScript and TypeScript to serialize objects and their hierarchical structures into JSON format.
JSON (JavaScript Object Notation) is a widely adopted standard in modern web applications for
exchanging data across APIs. This compatibility ensures that STEP-NC models can be easily
served by a web server as JSON, making them accessible to web-based clients for various appli-
cations.

For example, a STEP-NC model serialized as JSON can be utilized to feed data into applica-
tions such as DTws, where real-time updates and interactions with manufacturing data are essen-
tial. This seamless integration enables the library to support web-based ecosystems, bridging the
gap between STEP-NC models and modern web technologies.
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Figure 7.22: Example of P21 file generated with the STEP-NC library.

Figure 15 illustrates a STEP-NC model, previously represented in a Part 21 (P21) file, being
served by a local server and displayed in JSON format within a web browser. This capability not
only facilitates data exchange but also ensures compatibility with modern web-based development
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practices, enabling developers to create applications for digital manufacturing workflows.

The proposed STEP-NC library represents a significant step forward in addressing the limi-
tations of existing tools for working with STEP and STEP-NC models. Its design, grounded in
modern programming practices and technologies, offers a flexible, extensible, and web-oriented
solution. By providing core functionality for reading and writing Part 21 files, along with the
capability to serialize models into JSON for web-based applications, this library lays a robust
foundation for advancing the adoption and practical application of STEP-NC in research and in-
dustry. Moreover, its open-source nature fosters collaboration and innovation, making it accessi-
ble to developers worldwide and positioning it as a tool that can grow and evolve with community
contributions.

However, this is just the beginning. The library currently requires manual implementation of
new entities and schemas, which can be a resource-intensive process. A significant milestone for
future development is automating the generation of TypeScript classes directly from EXPRESS
models, aligning with how STEP standards are formally defined. This feature would greatly en-
hance the library’s usability, allowing it to dynamically adapt to new schemas without requiring
manual intervention. Additionally, there is much room for expanding the library to support ad-
vanced features, such as richer data integration, enhanced visualization capabilities, and direct
compatibility with more specialized domains of STEP and STEP-NC. Despite these current lim-
itations, the library’s modular and forward-looking architecture provides a solid framework to
address these challenges in subsequent iterations, paving the way for a more comprehensive and
versatile STEP-NC ecosystem.
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Figure 7.23: JSON response from local server using the STEP-NC library.
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Chapter 8

Conclusions and Future Work

The purpose of this chapter is to present the conclusions derived from the research conducted
within the scope of this thesis, highlighting the main contributions of the work as well as providing
recommendations for future research.

8.1 Conclusions

This thesis proposes the development of a digital ecosystem for AM driven by standards-based
DTh and DTw technologies, with STEP-NC at its core. The ecosystem proposes the integration
of essential open standards such as ISO 23247, QIF, MTConnect, OPC-UA, and MQTT to en-
able seamless contextual data management and interoperability throughout the manufacturing
lifecycle. Using STEP-NC capabilities to enrich DTh and support the development of intelligent
systems such as DTws, the proposed ecosystem could facilitate improvements in information
exchange, knowledge discovery, process control, and informed decision-making in AM.

In this thesis a total of 352 references were considered, comprising a diverse range of sources.
The breakdown of these references is presented in Table 8.1, highlighting the emphasis on sci-
entific articles and the inclusion of other significant sources, such as conference papers, books,
and other resources. This extensive body of literature offered a comprehensive understanding of
the current landscape, laying a solid foundation for identifying gaps and shaping a proposal that
advances the state-of-the-art in the field.

8.1.1 Conclusion from the literature review on DTh in AM (Chapter 3)

A comprehensive review was conducted to assess the state of DTh in AM, revealing signif-
icant insights and challenges. The review identified 70 publications focusing on its integration
in AM, highlighting its potential to streamline the manufacturing lifecycle through data-driven
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Table 8.1: Breakdown of references reviewed in this thesis

Type of Reference Quantity
Scientific Journal Articles 238
Conference Papers 22
Books 4
Other Sources 88
Total 352

approaches. Research activity has shown a clear upward trend, with notable peaks in 2018 and
2023. Significant contributions have emerged from institutions in the United States and France,
together with the University of Brasília in Brazil, which produced two publications on the topic,
both involving our laboratory. This underscores our active role in the advancement of the field.
Furthermore, seven works listed in Table 3.1 specifically address issues related to data exchange
and management in the DTh of AM processes. Most of these studies highlight STEP and STEP-
NC as superior alternatives to traditional formats such as STL and G-code to support high-level
DTh implementations in AM. This has led to a deeper reflection on STEP and STEP-NC as foun-
dational standards to enable the proposed digital ecosystem.

8.1.2 Conclusion from the literature review on DTw in AM (Chapter 4)

For DTw in AM, the review revealed an exponential growth in interest, with 568 publications
identified, underscoring its position as a cornerstone technology for Industry 4.0. The annual
trend in research publications highlights significant momentum starting in 2016, culminating in
182 publications by 2024, a four-fold increase compared to 2020. These studies consistently em-
phasize the transformative potential of DTw in enabling real-time monitoring, predictive analysis,
and process optimization in AM processes. Most efforts focus on specific phases of the lifecycle,
as evidenced by the works listed in Table 4.3. While these studies explore DTw applications, the
integrations are predominantly partial, addressing isolated aspects rather than providing a cohe-
sive framework. Crucially, none of these works propose a standardized framework for a digital
ecosystem driven by standards-based DTw and DTh.

This gap underscores the innovative contribution of this thesis, which proposes a compre-
hensive digital ecosystem for AM, guided by the ISO 23247 framework. ISO 23247 serves as
a foundational reference for developing DTw in manufacturing, offering structured guidance for
integrating DTw across lifecycle stages. Leveraging this framework, the proposed ecosystem in-
tegrates DTw and DTh technologies with standards like STEP-NC, QIF, MTConnect, OPC-UA,
and MQTT, ensuring contextual data exchange and interoperability throughout the manufacturing
process.
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8.1.3 Conclusion from literature review on STEP-NC in AM (Chapter 5)

The literature review on STEP-NC in AM highlights the limited development of this standard
within the context of AM. With only 27 publications explicitly addressing its application in AM,
the research remains in its infancy, emphasizing the pressing need for extending STEP-NC models
to accommodate AM-specific technological requirements. The literature review has also revealed
that our laboratory is among the most active contributors to the development of this topic, with a
significant portion of these contributions stemming from the work conducted in this thesis.

Although Part 17 of STEP-NC introduces entities to represent general information about AM
processes, it lacks definitions tailored to specific AM technologies such as FDM and LMD. This
gap presents a significant opportunity to advance the standard by proposing new STEP-NC entities
designed to capture the unique characteristics of these processes. In this work, entity definitions
have been proposed to represent process parameters of both FDM and LMD technologies. These
contributions address critical needs in data integration and management for AM, offering a foun-
dation for more robust and versatile STEP-NC applications. Furthermore, this work serves as a
call to action for ISO TC184/SC4 to consider validating these proposed entities through practi-
cal implementations and to incorporate them into the STEP-NC standard, driving its evolution to
better align with the diverse needs of modern AM technologies.

8.1.4 Conclusions from the proposed digital ecosystem (Chapter 6)

The proposed digital ecosystem for AM offers a transformative framework that seeks to inte-
grate standards-based DTh and DTw technologies. By envisioning a cohesive and interoperable
data flow across the entire manufacturing lifecycle, the ecosystem promises to enhance contex-
tualized intelligence and enable smarter decision-making processes. Anchored in established
standards such as ISO 23247, STEP, STEP-NC, QIF, MTConnect, OPC-UA, and MQTT, the
ecosystem aspires to provide a unified foundation for improved data management, system inter-
operability, and intelligent manufacturing.

The digital ecosystem leverages the DTh as a continuous flow of data connecting all lifecycle
phases, from design to inspection and maintenance. Coupled with DTw, the ecosystem could pro-
vide advanced capabilities such as real-time process monitoring, adaptive control, and predictive
simulations. The incorporation of a multi-threaded architecture further amplifies these possibili-
ties by allowing data from diverse processes and contexts to converge, enabling cross-contextual
insights and lifecycle optimization. By unifying DTh and DTw technologies, the framework
promises to overcome inefficiencies and enhance the traceability, adaptability, and scalability of
manufacturing processes. These contributions suggest a significant step forward in bridging the
gap between traditional manufacturing practices and the aspirations of Industry 4.0.

While the framework outlines a visionary path for AM, its practical realization is not without
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challenges. The integration of such a complex system would require significant advancements in
data standardization, technological infrastructure, and workforce capabilities. Nevertheless, the
proposed ecosystem offers a strategic direction for future research and development, emphasizing
the importance of collaborative efforts across industry, academia, and standardization bodies. By
addressing these challenges, the proposed framework holds the promise of redefining the AM
landscape and advancing the broader goals of smart manufacturing.

8.1.5 Conclusions from the implementation scenarios (Chapter 7)

This thesis proposed several practical implementation scenarios, each contributing unique
insights:

• STEP-NC implementation for robotic machining: The robotic machining scenario demon-
strated the feasibility of using STEP-NC to program and simulate machining operations
for an ASEA robotic arm. However, limitations such as the indirect reliance on G-code
and the scarcity of open tools to fully support STEP-NC integration with robotic systems
highlighted areas for future improvement. Despite these challenges, the implementation
validated the adaptability of STEP-NC in robotic contexts, laying the groundwork for its
broader adoption in advanced manufacturing.

• Integration of STEP-NC and MTConnect in AM: The implementation of STEP-NC
in this scenario showcased the innovative adaptation of the existing machining-oriented
data model to represent toolpaths for an FDM-based AM process. The STEP-NC program
was successfully verified through simulation in the STEP-NC Machine software, which in-
cluded a 3D kinematic model of the RepRap 3D printer. This integration enabled a more
realistic and comprehensive simulation of the AM process. However, this approach was
not without limitations. It represents an indirect implementation, as the STEP-NC pro-
gram ultimately required conversion to machine-specific code for actual part fabrication.
Furthermore, the adapted machining model could not fully capture all the required pro-
cess information for FDM, necessitating manual modifications to include missing details,
such as hotend and build plate temperatures. Despite these challenges, this novel approach
contributes significantly to advancing the application of STEP-NC in AM, marking a step
forward in its evolution. On the other hand, the MTConnect implementation enabled the
creation of a robust real-time monitoring environment accessible via a web client, enabling
the monitoring of print progress, bed and hotend temperatures, X, Y, and Z axis positions,
as well as the printing speed. This system not only facilitated the visualization of key pro-
cess data, such as axis positions, extrusion parameters, and build progress, but also achieved
efficient data storage with high transfer rates and low delays. The implementation of both
STEP-NC and MTConnect in this scenario, aligned with the proposed digital ecosystem,
proved to be successful.
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• Simulation of STEP-NC programs for robotic LMD processes: The simulation of robotic
LMD toolpaths using the Kuka KR70 robot underscored the STEP-NC capability to sup-
port complex metal AM processes. The scenario highlighted the importance of integrating
AM-specific kinematic models for realistic toolpath verification. However, the absence of
dedicated STEP-NC entities for LMD-specific parameters, such as laser power and wire
flow rate, limited its comprehensiveness. This implementation stressed the critical need
for the extension of STEP-NC to include LMD-specific data and underscored the role of
simulation as a bridge between digital and physical processes. Furthermore, this approach,
which has not been previously documented in the literature for this type of process, rep-
resents a significant advancement in applying STEP-NC to metal AM, paving the way for
future developments in this field.

• Proposed STEP-NC models for FDM and LMD: The development of new STEP-NC
entities for FDM and LMD effectively addressed the limitations identified in earlier scenar-
ios, offering a more comprehensive representation of these AM technologies. This work
introduced EXPRESS-based models that relate data specific to FDM and LMD processes,
including entities for AM operations, machine functions, and technology-specific parame-
ters. For example, FDM-related parameters such as nozzle diameter, extrusion speed, and
build plate temperature were defined, while key LMD-specific parameters like laser power,
wire feed rate, and substrate thickness were also incorporated. This new data model opens
significant opportunities for advancing STEP-NC implementations in FDM and LMD, of-
fering unprecedented support for integrating these technologies into the proposed digital
ecosystem. Unlike previous proposals, this STEP-NC model encompasses a wide range of
parameters, addressing both the general and unique requirements of each process, and rep-
resents a significant step forward in standardizing AM technologies. However, despite the
possibilities unlocked by these new models, the proposed framework requires thorough val-
idation through real-world implementation scenarios. Such validation is essential to refine
the models further and promote their eventual inclusion in official STEP-NC standards.

• Development of a TypeScript-based STEP-NC library: The creation of an open-source
TypeScript library addressed the scarcity of modern tools for handling STEP-NC models,
offering core functionalities such as serialization to Part 21 and JSON formats. These ca-
pabilities enable web-oriented applications and foster broader adoption of STEP-NC by
providing developers and researchers with a versatile and accessible tool. Additionally, the
library extensibility allows for the inclusion of new entities, supporting evolving STEP-NC
schemas for new manufacturing requirements. However, a key limitation of the current
implementation is the need for manual incorporation of new entities into the library. This
manual process requires developers to analyze the EXPRESS schemas that define STEP-
NC standards, translate these schemas into TypeScript classes, and integrate them into the
library’s structure. Each entity must adhere to the library’s framework, which involves
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defining attributes, relationships, and serialization rules using specific decorators and in-
heritance patterns. While this approach ensures consistency and compatibility within the
library, it is labor-intensive and prone to human error, particularly as the number of enti-
ties and the complexity of their relationships grow. To address this challenge, the library
requires functionality to automate the conversion of entities defined in EXPRESS language
into TypeScript classes. This automation would involve the development of a compiler-
like tool capable of parsing EXPRESS schemas, extracting their definitions, and generating
TypeScript code that conforms to the library architecture.

8.2 Summary of final contributions of this thesis

This thesis provides significant contributions that are summarized as follows:

• Proposed digital ecosystem

– Developed a standards-based digital ecosystem integrating DTh and DTw technolo-
gies to enable more interoperable, collaborative and intelligent manufacturing sys-
tems.

– Proposed a structured approach for integrating multiple DTh within the proposed dig-
ital ecosystem.

• STEP-NC industrial robotic machining

– Demonstrated the feasibility of using STEP-NC to program and simulate robotic ma-
chining operations, highlighting the adaptability of STEP-NC in robotic contexts.

– Developed a software adapter that converts APT machining commands into STEP-NC
programs. Available in the repository in [75].

• Integrating STEP-NC and MTConnect in AM

– Method to adapt the machining-oriented STEP-NC model for FDM processes.

– Software to convert XML AM layer data to STEP-NC program. Available in the
repository in [76].

– 3D kinematic model of the RepRap Prusa 3D printer for STEP-NC Machine. Avail-
able in the repository in [77].

– MTConnect adapter for real-time process monitoring of RepRap 3D printers.

– Adapter code included in the Sprinter firmware. Available in the repository in [78].

• STEP-NC simulation for LMD
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– Simulated toolpaths for robotic LMD processes, showcasing STEP-NC capability in
metal AM operations.

– 3D kinematic model of the KUKA KR 70 robot for STEP-NC Machine. Available on
teh repository in [79].

• EXPRESS entities for FDM and LMD

– Created new EXPRESS-based STEP-NC entities tailored to FDM and LMD pro-
cesses, addressing process-specific parameters such as nozzle diameter, hotend tem-
perature, extrusion speed, laser power, and wire feed rate. This provides a call to
action for ISO TC184/SC4 to consider these models for validation and inclusion in
the STEP-NC standard.

• New STEP-NC library

– Created an open-source, extensible TypeScript library to handle STEP-NC models,
supporting serialization to Part 21 and JSON formats and enabling web-based appli-
cations.

– Designed the library for extensibility, allowing the inclusion of new entities and schemas
to adapt to evolving manufacturing requirements.

– Addressed the lack of accessible tools for STEP-NC, making the library openly avail-
able on npm and promoting collaboration and adoption within the research and indus-
trial communities. Available on npm in [80].

– Pioneered novel implementations of STEP-NC for AM processes, contributing foun-
dational knowledge and tools for its evolution in research and industry.

8.3 Future directions

Future research should prioritize the validation of the proposed STEP-NC models for FDM
and LMD. Collaboration with industry stakeholders and ISO committees will be essential to en-
sure these models are incorporated into the official STEP-NC standard. Extending the scope of
these models to include additional entities tailored to other AM processes, will further promote
expansion of STEP-NC application.

The development of the STEP-NC library must also evolve to support these advancements.
Currently, the manual inclusion of new entities into the library, while functional, becomes in-
creasingly cumbersome as the complexity and size of data models grow. To address this, the
library must incorporate an automated solution, such as an EXPRESS-to-TypeScript compiler,
capable of generating TypeScript classes directly from EXPRESS schemas. This enhancement
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will require the application of compiler theory to develop a robust methodology for parsing EX-
PRESS schemas and translating them into TypeScript constructs. By automating this process, the
library will become more scalable and adaptable, supporting the validation and adoption of new
STEP-NC models with reduced development effort and increased reliability.

Leveraging artificial intelligence, particularly large language models (LLMs), offers a trans-
formative approach to advancing the STEP-NC library. These models can efficiently analyze and
interpret EXPRESS schemas directly from the standard’s documentation to generate TypeScript
classes for each entity definition. This automation significantly enhances efficiency, as EXPRESS
schemas often encompass hundreds of interrelated entities, making manual implementation not
only time-consuming but also prone to error. By ensuring that the generated classes align with the
library’s core structure and integration requirements, AI-driven solutions streamline the develop-
ment process. Additionally, automated testing suites must complement this approach, validating
the adherence of AI-generated code to the library’s core structure and ensuring the reliability and
functionality of the resulting models. Together, AI-based code generation and rigorous testing
will enable scalable, adaptable, and robust support for evolving this library.

Additionally, the creation of web-based platforms should be pursued to provide comprehen-
sive tools for interacting with STEP-NC data. These platforms could enable users to visualize
and simulate toolpaths directly in a browser environment, including the incorporation of 3D kine-
matic models of manufacturing machines. Such functionality would offer an alternative to exist-
ing tools like STEP-NC Machine, providing a more accessible and modern interface. Integration
with process monitoring standards, such as MTConnect, OPC UA, and MQTT, would allow these
platforms to display real-time data, enabling end-to-end tracking of manufacturing processes.

Future work should focus on the validation and standardization of the proposed STEP-NC
models for FDM and LMD, using the collaboration of industry and ISO committees to incorpo-
rate these advancements into the official standard. Moreover, the development of a web-based
platform integrating STEP-NC with complementary standards such as QIF, MTConnect, OPC-
UA, and MQTT could enhance the application of DTws in AM, enabling predictive maintenance,
process optimization, and real-time monitoring. These efforts aim to bridge existing gaps, ensur-
ing the seamless integration of standards-based DTh and DTw technologies in modern manufac-
turing.

The further exploration of DTw capabilities into these platforms offers another promising
avenue for research and development. By combining STEP-NC data with advanced analytics
powered by artificial intelligence, these DTws could provide feedback loops for predictive main-
tenance, process optimization, and defect detection. For example, DTws could analyze sensor
data from LMD-based metal printing to predict potential defects and provide actionable recom-
mendations to improve the process in real time. In the long term, these advancements could
lead to the creation of fully interconnected ecosystems where STEP-NC serves as the backbone
for contextual data management, and web platforms act as hubs for simulation, monitoring, and
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optimization. This vision includes the ability to simulate and validate complex manufacturing
scenarios virtually before execution, leveraging AI-driven insights to make informed decisions.

By advancing these areas, the transformative potential of DTh and DTw technologies can be
fully realized in AM through the proposed digital ecosystem.
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A. APPENDIX

A.1 Journal research publications

Figure A.1: Article 1 (Under Review in IJAMT Journal): STEP-NC in Additive Manufacturing:
A Comprehensive Review, Architecture and Data Model Proposal

183



Figure A.2: Article 2: A STEP-NC implementation approach for additive manufacturing
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Figure A.3: Article 3: Developing a MTConnect Framework for RepRap Additive Manufacturing
Machines
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Figure A.4: Article 4: Modelo de información para manufactura aditiva basado en STEP-NC
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Figure A.5: Article 5: STEP-NC Architectures for Industrial Robotic Machining: Review, Imple-
mentation and Validation 187



Figure A.6: Article 6: Digital Twin Implementation for Machining Center Based on ISO 23247
Standard
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Figure A.7: Article 7: Expert system to implement STEP-NC data interface model on CNC
machine
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Figure A.8: Article 8: A Closed-Loop Inspection Architecture for Additive Manufacturing Based
on STEP Standard
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Figure A.9: Article 9: New system architecture and algorithm design for indirect STEP-NC
implementation
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Figure A.10: Article 10: STEP-NC-based machining architecture applied to industrial robots
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B. APPENDIX

B.1 Guide: how to use the stepnc.dll to generate STEP-NC
programs
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Generating a trivial STEP-NC 

program file - C++. 
 

 

 

 

 

 

Contributor: Efrain Rodriguez 

STEP-NC LaDPRER 
  



This is a tutorial version of the “stepnc-hello” demo shared by 

STEP Tools, Inc. for building a trivial STEP-NC program file. This 

consists of a small code project written in C++ that creates a 

machining program as STEP-NC. 

You need Visual Studio 2013 installed on your Windows 

operating system. You also need the STEP-NC Machine software 

containing the stepnc.dll to create the STEP-NC data. 

 

Make sure that the stepnc_x64.dll and/or stepnc_x86.dll are 

installed in the STEP-NC Machine directory, usually: C:\Program 

Files (x86)\STEP Tools\STEP-NC Machine Personal Edition. 

 



You will need to create a new C++ Empty Project by starting 

Visual Studio. Give your project a name; for example, 

“stepncFile”. 

 

 

Then add a new Windows Form item and give it the name you 

want; for example, “MyForm”. 

 

 



By right clicking on the project, select Properties from the menu 

that will appear to open the project Property Pages. Then click on 

Configuration Manager. 

 

Select New from the Active solution platform menu and choose 

the x64 platform. Press on OK and close the Configuration 

Manager box. 

  



Continuing in the Property Pages, in the Configuration 

Properties drop-down list, go to General and select Common 

Language Runtime Support (/clr) from the menu shown in the 

figure. 

 

In the path Linker->System->SubSystem select Windows 

(/SUBSYSTEM:WINDOWS) for execution environment of 

Windows (GUI) application. 

 

  



Define the starting address of the project as “main” function in 

Linker->Advanced->Entry Point. 

 

Specify a post-build events for the Build Events page by typing 

the sentence copy app.config “($TargetPath).config” in the 

Command Line edit box. 

 

 

 



An important step is to add the stepnc.dll as within the reference 

from the project to use its functions in the building the STEP-NC 

data. You can add that stepnc.dll accessing by Common 

Properties->References and clicking on Add New Reference. 

 

The Browser will allow you to access the stepnc.dll through from 

the aforementioned STEP-NC Machine directory. 

 



You will also need to create an .xml configuration file for the 

project. You can do it by adding a new item from C++ Utility 

menu, well as shown in the figure. 

 

In the created app.config file type the following necessary 

statements: 

 

 

  



In the MyForm.cpp file of the project place the following code 

necessary: 

 

Add a button object into main form as seen in the figure. 

 

  



In the MyForm.h file, just inside the definition code part of the 

object button, you will begin to develop your STEP-NC machining 

part program. Below is a code template to generate a trivial STEP-

NC machining program file using methods of stepnc.dll that are 

based on the APT CL file standard. 

 

Firstly, you define an object apt belonging to AptStepMaker class 

included in the STEPNCLib library of stepnc.dll. 

Subsequently, create a STEP-NC program session through the 

PartNo method with the program name as input parameter. 

DefineTool will allow you to define a tool, where the first input 

parameter refers to tool diameter. That tool can be load by using 

LoadTool specifying its number. 

You can set cutting parameters such as feedrate, spindle speed and 

coolan activation. 

Workingstep method will allow you create  a workingstep within 

the machining program passing its label as input parameter. 

With GoToXYZ you can create toolpath specifying the XYZ 

Cartesian point. 



Finally, the STEP-NC data file in P21 format can be generated 

through the SaveAsP21 method with the file name as input 

parameter. 

The file is saved in your project directory. A fragments of the 

STEP-NC program generated with the used code is shown in the 

figures.  

Nice! 

 



 

 

 

 

  



Simulation in STEP-NC Machine software was successful. The 

generated toolpath is associated to WS-1 workingstep instantiated 

in code. 

Note that this program can be enriched with more machining data 

by using the classes and methods of the STEPNCLib library. 
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